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20. ABSTRACT (Continued)

Four stressed durability test methods were selected for the test program:

. \U A thick-adherend lap-shear specimen (Mode [ and Mode 11 louding)‘;!

; (2 A thick-adherend double cantilever beam (DCB) specimen (Mode 1 1 'ding)j

; (3/ A thin adherend DCB specimen (wedge test, Mode 1 loading),’ J

: @, A thick adherend single cantilever beam (SCB) specimen for iloneycomb sandwich
‘ © evaluation (Mode 1 and Mode II loading).

Alloy, adherend surface treatment, adhesive primer, and adhesive interactions were evaluated.

The materials and processes used were:

(1) Alops: 2024-T3, 2024-T3 clad (1230 alloy), 7075-T6, and 7075-T6 clad (7072 alloy) ¢

(3 Adhesives: FM 123-2 and EA 9628 250°F curing adhesives, and AF 143 and PL 729&
350°F curing adhesives,

: B) frimers. BR 123 non-corrosion-inhibiting primer, BR 127 corrosion-inhibiting primer, and

; EC 3917 and PL 728 corrosion-inhibiting primers for use with the two 35C°F curing
adhesives,*

v 9 AdQv{‘tjiﬁ surface treatment processes: Optimized FPL etch, chromic acid anodize. and

2 phosphoricacid anodize, o o

(5) Afuminum honeycomb core: Standard core, Dura-Core and CR HI corrosion-resistant cores, .
and phosphoric acid anodized core, T )

Results of this investigation have shown that:

1. Two basically different test specimen configurations are required to assess adhesive bonded
Jjoint durability performance. one that emphasizes combined Mode 1 and 1 loading and one
that evaluated Mode [ loading only.

2. Cydlic loading of bonded joints is more damaging to the bondlines than steady-state loading.

3. Phosphoric acid anodized adherend surfaces showed the best over-all durability performance
in both metal-to-metal bonds and honeycomb core honds,

4. The presence of chd in the bondline inereases the tendeney for creviee corrosion.

5. Corrosion-inhibiting primers (CLTAP) improved the stressed durability performance of bonded
specimens over that of' the non-corroston-inhibiting primer.  CIAP did not prevent crevice
corrosion,

0. A lhboratory test/inservice performance correlation has been demonstrated under Mode |
loading conditions.

Continued study ot stressed durability has been reconimended to better undesstund how this
information can be applicd 1o design of critical load-carsying aireralt structure,
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Mode H: Forward shear (edge shiding)
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- FOREWORD

This technical report was prepared by the Boeing Materials Technology Unit, Boeing Com-
mercial Airplane Company, Renton, Washington, under USAF contract F33615-74-C-5065,
Project FY-1457-00616/7381. The program was administered by the Systems Support
*. Division of the Air Force Materials Laboratory, with Mr. W. M. Scardino (AFML/MXE) as
project engineer. An interim technical report under the samie contract covering the period. -
-1 February 1974 to | July 1974 was published in Pobluary 1975 as AFML-TR:75-3
*Durability of Adhesive Bonded Joints.”

" Mr. J. A. Marceau is the principal investigator and Mr. J. C. McMillan is the program manager.
The authors wish to acknowledge the efforts of F, E. Coverson and T. Gaines ol Bocnu,
M.m.mla 'lwhnoloz,y and T. Kane of Bocuu, Strugtmal Tcstuu, Laboratory, -
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1.0 INTRODUCTION

The performance of bonded joints in aircraft structure has varied in both military and com-
mercial applications. For the most part, bonded structure has provided excellent service
performance over many years; however, some bonded parts have experienced disbond with
varying degrees of subsequent bondline corrosion after relatively short service exposure.

Traditional test and performance evaluation methods have not been capable of precluding
dishonding and corrosion in service, and as a result serious questions concerning the relia-
bility of bonding have been raised. The traditional test methods generally encompass three
areas: (1) lap-shear testing as a function of temperature, (2) peel testing as a function of
temperature, and (3) exposure of unstressed lap-shear specimens to viwious environments for
relatively short periods of time (e.g., 30 days) before testing, An examination of the fractured
traditional test specimens shows that these tests do not duplicate the features characteristic
of service disbonds.

In recent years, it has been found that testing bonded joints under a sustained stress while
simultancously exposing the specimens to warm/wet environments results in failures of the
bond at stresses far below the ultimate stress measured at the exposure temperature, This
type of stressed durability test is capable of showing difterences in performance between
adhesive systems and various process parameters. In addition, the tailure modes of improperly
processed bondments tested in this manner have an appearance characteristic of service
disbonds; i.c., interfacial failures,

The ebjectives of this contract were to:
1. - Determine a sound method of evaluating stressed durability of adhesively bonded
structural aluminom materials, including an assessment of the merits of eyelie versus

steadysstate stress tosting and of the effect load profile has on stressed durability testing.

2, Evaluate the long-term effects of environment on stressed adhesive bonds in metalto-
metal (nlumiuum-twhnminum) and uluminum heneyeomb sundwich coustmclions.

3. Determine the difierence in stressed exwtmnnmmul durability bclwcn clad mul bare

uluminum alloys,

4 Assoss the correlation between inservice bohavior of adhesively bonded aircealt assem-
blivs and srossed durability tests, o '

8. Deterine the optimam lcmpcmluw for pertorming stressad dumbalily tests of strictural
aorospace udhesives,

6. Develop or perleet stressed durability tests for metalto-metal umi saidwich spevimmens
amd docunient these in AN m test method tormat,




insel, 1), and detailed results of Phase UL, with o discussion of these results,

!
i
;
' The program was conducted in four phases:
| ® Phuse ] Literature survey ‘?
¢  Phase 1l Selection of durability test methods e
; ® Phase lIl  Stressed durability testing of metal-to-metal bonds and metal honeycomb
f sandwich i
' ® Phase IV Specimens for outdoor exposure
Phases 1 and 11 were completed early in the program, and these results have been published
in Air Force Technical Report ARML-TR-75-3 (vef 1).
: Phase I consisted of 10 tasks, which were the main effort of the program and were designed
] to meet thy proceding objectives, The specific tasks were as follows: i
’ ¢ Task! Verilication of test methods )
o ®  Task2 Influence of test duration )
C . l 1]
| .
: 1 ® Tusk 3 Veritication of corrosion-inhibiting primer (CIAP) contribution
: g e Taskd Influence of cyeliv loading
i ®  Taks Application of test method to honeycomb sundwich
- ® Tusk6  Influence of test temperature
o & Task 7 Lab test/inservice correlation
i .
g § ®  Tusk 8 . Cyclic stress durability of bonded systems
) e Task9 Durability testing in salt spray
L ® Task 10 Additional honeycomb cores Tor honeveomb sandwich tests
i © The test matrix tor cach of these tasks, including the total number of specimens tested, is
i shown in'table 1. : - : : '
o - Phase IV consisted of providing the Air Foree with test spociniens, o
"i - The toilowing sections prosent a briet sumnury of the Phase § and Phuse H results (reported
g

'

gl b
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2.0 SYNOPSIS OF PHASE I AND PHASE 11 RESULTS!

The purpose of Phase 1 was to review the literature and to survey adhesive manufacturers,
prime aerospace contractors, and any other pertinent sources to determine currently used
methods of stressed exposure durability testing and practices relative to the types of
aluminum adherends presently being used or contemplated for use in adhesively bonded
aerospace structure, The purpose of Phase 11 was to assess the various durability test methods
and select the methods for use in Phase I of this program. In addition, surface preparation
processes were to be assessed and three selected for use in Phase 111,

More than 700 references (articles and abstracts) were reviewed, These references included
such categories as test methods, specimen stress analyses, failire mechanisms, adherend
surface preparation, environmental eftfects on bonds and adhesives, corrosion, and service
failure analyses.

2.1 STRESSED DURABILITY TEST METRODS

Assessment of the reported test results revealed that a sustained stress applied to the bondline
when the specimen is simultancously exposed to an aqucous environment causes some degree
of damage to accur. The degree of damage within the bond is a function of the stress level,
availability of water, temperature, and adhesive system,

Assessment of the test methods deseribed in the literature revealed that all the specimen
configurations, when stressed, have a load component normal to the bond plane present at
the load transfer edge of the joint. This loading mode is known as Mode 1 (opening mode),
(See fig. 1) Most specimen configurations that are cantilevered, peeled, or under thtwise
tension are exposed primarily to Mode I, Most other configurutions have shear as the primary
loading mode and Mode | as the secondary mode. This type of shear is known as Mode 11
(forward shear), (Sce fig. 1.) A third loading mode known as Mode 11 (sidewise shoar, ig, 1)
is not present in any of the test contigurations reviewed,

Selection of tost methods and specimen configurations for Phase 1 was based on the
following criteria;

1. The test specimens must relate to real structure loading modes.

2, Maode | loading must be controllable,

3. Mode I londing must be controllable,

¢, The test method must yield quantitative results and not be subjective. A secondary
goul wiis to provide a specimen that might be used in the future to relate a tinite

element stross analysis of the test specimen configuration to a similar analysis ol real
structure, ‘ ' v
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5. Fabrication of specimens must be reasonable, i.e., specimens must be relatively simple,
must not require unusually close dimensional tolerances, and fabrication costs must be
fow for programs involving large numbers of test specimens.

Based on these criteria, the tour following specimens were selected as the most suitable for
meeting the objectives of the program. These configurations relate best to the two loading
modes present in most test specimen configurations and in real structure.

®  Thick-adherend machined lap-shear specimen.—These specimens are machined from two
bonded 1/4-in.-thick aluminum plates. The specimens are | in. wide and 7 in. long,
with a 1/2-in. overlap machined in the middle. (See fig. 2.)

e  Thick-adherend double cantilever beam (DCB) specimen,—These specimens are machined
from two bonded 1/2-in.-thick aluminum plates (or four bonded 1/4-in. plates for clad
alloys, which are commonly available only up to 1/4-in. thick). The specimens are 1 by
| by approximately 14 in. (Sce fig. 3.)

®  Thin-adberend DCB specimen (M'wedge tcst").l These specimens are cut from 6- by
0-by 1/8-in. panels bonded together. The specimens are | by 6 by 1/4 in. (Sce fig. 4.)

®  Thick-adherend single cantilever beam (SCB) specimen.-These specimens are cut from
bonded sandwich assemblies, The specimens are 3 in, wide and approximately 14 in,
long with a 1/2-inthick test face sheet. (See fig. §.)

With tho exception of the thick-adherend lip=shear spocimen, the preceding specimens do
not require fixtures or external oading to maintain the sustained stress: i, they are selt-
contained. To apply the desived sustainod stress to the lap-shear specimen, a portable
loading Fixture was used. (See fig, 6.)

2.2 ADHEREND SURFACE PREPARATION

The eriterin used in assessing and selecting the surtuce proparation processes for use in this
PROREAm Wore: :

L. Processes which have gained aceeptunce throughout the industry alter many yoars of
sorvice history, ‘

2 Processes which vepresent new techiology as related (o eavirotmental durability
pertormance of bonded systems, '

Based on these ceiteria, the following three surlace treatments were selected for the progaam:

L. Boeing FPL etch process, BAC 8514, vevision F

Fhe thinadherem wedge test specimen was not accepted Suving Phiase 11 bat was subse-
queatly added to the program because of the need Tor a vory inexpensive, qualitative test
spevimen,
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2. Bell Helicopter chromic acid anodize process, BPS FW 4352, revision G
3. Boeing-developed phosphoric acid anodize process, BAC 5555

The FPL etch and the chromic acid anodize processes have gained wide acceptance through-
out the industry and have many years of service history. It should be noted, however, that
the FPL etch specified in the BAC 5514, revision F process includes process controls and

test requirements that are in excess of those normally applied in the industry. This process

is sometimes called “optimized” FPL etch. The parameters for the “‘optimized” FPL etch
have been submitted to ASTM for membership approval to update ASTM standard D2651-67
(1973), “Standard Recommended Practice for Preparation of Metal Surfaces for Adhesive
Bonding.” The phosphoric acid anodize process is an example of new technology surface
preparation,
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3.0 PHASE III RESULTS

Specimen configurations, with the exception of the thin-adhérend wedge specimen, and
prebound surface preparations to be used in Phase 111 were selected in Phases § and il At

the onset of Phase 11, alloys, adhesives, and test environments were selected, These are
listed in table 2 along with the criteria for their selection. Details of processes used in curing
adhesives and primers and applying surface preparations are described in table 3.

Table 2.—Rationale for Selection of Materials, Processes, and Test Environments

e AL i e Tt T

Subject Criteria Setection ;
!
Materials j
Aluminum alloys Representative of ailoys commonly used in 2024-T3 clad {1230 cladding alloy) :
aerospace bonding 2024-T3 bare |
70756-T6 clad {7072 cladding alloy) ‘
7075-T6 bare .
Adhesives 250°F cure current technology FM 123-2 {10 mil film thickness) l

250°F cure new technology with improved EA 9628 (10 mil film thickness)
stressed durability

350°F cure new technoloyy of current AF 143 (15 mit film thicknoss)
interest to the Air Forge PL 729-3 {15 mil film thickness) i
'. Primers 250"F use non-CIAP primer, old technology | BR 123 for use with FM 123.2 4
260°F cure corrasion-inhibiting adhesive BR 127 for uso with FM -v(,.;
gt primar (CIAP), naw technology 123-2 and EA 9628 :
) 360°F cure CIAP new technology EC 3917 tor use with AF 143
1 PL 728 for use with PL 729-3
; Matal prebond Processes that have gained aceeprance FPL vtch, Bouing, BAC 6514,
= surface traatimants throughout the industry with years of Rov. F
_f_v: : sarvico history |
.f ' Chromie aeid anodize, Belt
i | Helicopter, BPS FW 43.62,
: i Rev, G, Mothod 1A
' { Processes that represent now technology Phosphoric acld anodize,
B celatedd to durabitity pertormance of Boviny, BAC 5555
"_‘ bonnded systems
N Suvironments ,
»‘{‘ Warm, wot test Roprosontative of modarate to sevire 120" F Jeondinsing humidity
o ¢ oxpasure conditions | conditions that uxist in alreraft environ- 140°F leondunsing humidity
MO, o4, ehivated temperature and 160" ¥ Jcondunsing humidity )
high huimidity !
Corrosive Canosive envitonment B% saft spray ot 95"F ‘
{
"
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Table 3.—Detailed Processing Description

Material/process Processing details
_Adhesives Temperature rise; 5.6°F/min
Cure: 225°.250°F for 90 min
FM 1232 Pressure: Metal-to-metal, 50 and 100 psi?
EA 9628 Honeycomb, 36 psi .
AF 143 Temperatura rise: 5.6°F/min
PL 7293 Cure: 340 10 360°F for 60 min
Pressure: Metal-to-metal, 50 and 100 psi®
Honeycomb, 35 psi
Primers Application: Spray
Cure: (Noncuring) air dry a minimum of 1 hr
BR 123 at room temperature
Thickness: Less than 0.0002 in, but visible
BR 127 Application: Spray
Cure: Air dry 1/2 hr, then cure at 260°F for 1 hr
Thickness: 0.0001-0.0004 in,
EC 3917 Application; Spray
Cure: Air dry 1/2 hour, then cure at 250°F for 1 hr
Thickness: 0.0001-0.0004 i,
PL 728 Application: Spray
Cure: Air dry 2 hr minimum at room tempserature
Thickness: 0.0001-0.0004 in,
lage, Alkaline clean 10 min and rinse & o in tap water, 1 10°F minimumb
Broparanion 2 Geoxidizo 12-16 min at 150°160°F in:
FPL otch Na2(21207 : 2H20»r 4.1 10 12,0 oz/gal

Ha804 G6” JE° 38.6 to 41.56 azigal

Alummum {2024 bare)- 0.20 v2/gal of dissolved alumnum minimum

Water  halance

3 Rinse B min in tap water ane dey at 140°F nwulmuml’

Chroimie acid
anodize (Bell)

Dt‘ﬂl;!.‘\s;! and alkaling clogn § !(:;v\i:i, e rinse
2 Poorichze 6 10 nun a1 1407 160 F in,
Naz(:'?o-' ) 2“20 2w
Ho804- 22 to 28wt %

Water halanie
Rinso thoroughly

3 Anetize at 40 *2 V tor 30 36 w0 610wk
chramig aghd sotution a 85 *3'E, nne

anoudize (Boeing)

Phosphone aeid

] Soglin 75 120 o cheonne aeid solution tor 7-8 nun
At 180 Wh F dry
) Vapor degroase i athalis cloan V0 minates, one b ]
WD 1D tap water, 110'E mpmmum
2 Doaxadizn 10 16 ann gt roonm temperature w Amebom 6-18
dhoidizer .

Amchem § 10 StoDvil %
Niteie aeied 10 w N e2gal
Watsr batange

W b min

'

3 Anaize in 812 w1 % phowptwre aeul tar 20 1b mm
alpy mul\u.‘; Wb F o Rise b oy i Lap wate
atel dey ab 1607 F manimun

F100 i et tor thigk-sitmeind BCB avsmtiin
BA) e it T al) othwis

'%ww rinea 3t s faces sl tansoudly with theis
witharawal trom sotution

SAmetian Prosucts, fis., Ambin, Poinaytyainia
Y6 etch Mmay L used ia o Gaosaiion s,

10
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3.1 NONDESTRUCTIVE INSPECTION (NDI) OF BONDED ASSEMBLIES

Nondestructive inspection of all bonded assemblies was carried out prior to fabricating test
specimens. NDI methods used were ultrasonic through-transmission and low-voltage X-ray
(25 to 50 kV), with selected panels inspected by neutron radiography. The radiographic
techniques were most effective in showing details of voids and porosity, neutron radiography
being superior to low-voltage X-ray. A discussion of the correlation of NDI results with the
stressed durability results is presented in appendix A. '

There is no correlation between adverse durability and voids/porosity observed by NDI,
3.2 VERIFICATION OF TEST METHODS (TASK 1)
3.2.1 SUSTAINED-STRESS THICK-ADHEREND LAP-SHEAR TESTS

Thick-adherend lap-shear specimens representing the four alloys, four adhesives, three sur-
face treatment processes, and three corrosion-inhibiting adhesive primers (C1AP) were fubri-
cated by machining specimens (fig. 2) from large area bonded assemblies. Ten specimens
for each system were randomly selected and tested as room-temperature controls. (See
table 4.)

Shear strengths for clad specimens were generally 4 few hundred psi lower than for the
corresponding bare specimens, as shown in table 4. Shear strengths of the PL 729-3/PL 728
system were lower for the two anodized surtace treatments than for the FPL surface treat-
ment, which was particularly evident on anodized clad alloys. Failure modes for all three
surface treatments were cohiesive within the primer, For the anodized specimens, the crack
path was wiihin the primer but very near the oxide surface, while on the F l’L-cMn.d speci-
mens, more primer was left on the adherend.

~ This phenomenon of reduced shear strengths with cohesive fractures very near the oxide

~surface has beon observed with other similar primers during tests conducted independent of
this program. The fracture starts near the oxide/primer interface und is somehow related to
the thick anodic oxide and some speeific polymer species in the primer, sinee this strength
reduction was not obsesved with all 350° F primer systems. This phenomenon requires
additionad investigation for complete understanding. [t should be emphusieed that lhc
reduced strongth is not rellected in redueed environmental durability.

Three specintens tor each system were loaded gt two different levels (900 and 1500 psi) in
the moditied testing tixture (note app. A) shown o figure 6, The stressed specimens were
exposed to a 140°F/condensing humidity environment for 140 days. (The test period was
limitod by the contract duration). One oF the envivommental chambers with loaded tixtures
is shown in tigure 7. Time to faiture was recorded tor thase speciimens that faited, Those
that did not fail in the 140-day period were tested for residual sheae strength at room
temperature, Time to tailuve and vesidual shivar strength vesults are given in tables §, 6, and
1. :

3
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Residual shear strengths for the EA 9628/BR 127 system are typically higher for specimens
stressed at 900 psi than for those stressed at 1500 psi. These residual strengths tend to be
equal to or higher than the control shear specimens—particularly higher with the bare alloy.

This test method discriminates between adhesive systems; i.e., most of the failures occurred
with the FM 123-2/BR 127 adhesive/primer system, some failures occurred with the new
technology adhesive/primer system EA 9628/BR 127. but no failures occurred with either
of the two 350°F cure adhesive/primer systems. Surface treatments and alloys did not have
a significant effect on the time to failure or the failure modes. Typical tailure modes are
shown in figure 8.

In conducting this first task, inconsistent results were encountered with the original loading
fixtnre and the thick-adherend lap-shear specimen. The problem was traced to nonaxial
loading of the test specimen. After a brief test program, the loading fixture was moditied
to eliminate the nonaxial loads. The problem and solution are presented in appendix B.
The modified loading fixture was used for all tests reported.,

Counclusions that can be drawn from these tests are:

1. Sustained-stress testing of thick-adherend Jap-shear spegimens will discriminate between:
diftferent adhesive/primer systems in terms of their stressed durability performance.

2. There is an inherently high degree of seatter in the time-to-failure data due to the many
unavoidable variables involved, c.g., stress level variations, nonaxial loading, specimen
flaws, bondline thickness variations or bondline flaws.

3.2.2 SUSTAINED-STRESS THICK-ADHEREND DCB TESTS

Thick-adherend DCB specimens tor each of the four alloys, four adhesives, three surtace
treatment processes, and three corrosion-inhibiting primers wore fabricated by cutting
specimens from large bonded assemblies and milling the cut sides to produce smooth surtaces
(lig. 3). DCB spectimens tor cach of the elad alloys were fabricated by bending four 1/4-in-
thick plates to make up the T-in-thick specimen, This wus necessary since 1/ 2-in.<thick

chid plate could not be purchased at an acceptable cost, The specimens were stivssed by

“tightening two 1/4-28 bolts into one end until a displacement of 0,10 in, was obtalned (fig. 3),
- This displacement was chosen for convenionce to standurdize specimen configuration,

After waiting 1 day for ¢quilibrium to be cstublishcd llw tip ol the crack !mm ceeated i the
: bondlim was marked.

- Pairs of specimens vepresenting cach bonded system were thon paced ina 1407 Fleondensing
" humidity environment Sor pesiods up to & months und removed periadically to measure

any change i cvack Up location, The duta, erack length From point of loading vs time, were
vecorded and reduced 1o an energy teem, Gy, o steain encrgy retease rate, This is 2 mestives
went of the Fracture toughness of the joint oe its ability to contain a crack under stiess ina
;.iwn cavironment. By knowing the length of the crack Vrom the point of loading to the
ek tip, the displzwcnwul. amd the dimensions ot the specinen, Gy wan be caleutated from
the lollowm;. Tornula (rel, 220 : . :
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where

y = displacement at load point (inches)

a = crack length from load point (inches)

h = specimen half height (inches)

E = modulus of elasticity of adherends (psi x 106)

Plots of Gy vs exposure time for each bonded system are shown in figure 9, There is no
significant difference in durability behavior between surface treatments and alloys in terms
of crack growth equilibrium resulting from the envirenmental exposure, i.e., the stress
corresion cracking threshold, Gigee, except for the failure modes within the stressed zone.
After opening one set of specimens for each bonded system, it was observed that the FPL-
etched specimens had a higher frequency of adhesive failures within the stressed zone than
did the two anodized treatment specimens, primarily with the 250°F cure epoxy systems,
This was not reflected in the crack growth data. For instance, the Gy vs time data in figure
9¢ show no significant difference between surfuce treatments, but the FPL-etched speci-
mens had at least S0% adhesive-type failure in the area of crack growth while the two
anodized surfaces had less than 5% adhesive failure. The apparent variations in Gy vs

time between the three surface preparations are within the normal variations one would
expect of this test method, Typical failure modes are shown in figures 10 through 13,

The DCB specimens did not reveal any signiticant difference between the two 250°F cure
epoxy adhesives, in contrast to the stressed lap-shear tests, This implies that the combined
Made 1 and Mode 1 ioading of the lap-shear specimen has a different effect on the strossed
durability than does Mode 1 loading only.

The more brittle 350°F cure epoxies were hot as tougis initially as the 250°F cure systems,
but time in the environment for these systems resulted in little crack extension. A difterence
in the initial fercture toughness was evident between the two 3S0°F cure systems, with the

~AF 143/EC 3917 systom exhibiting the higher values.

The AF 143/EC 3917 system perfarmed quite consistently on all three surlace treatments
and four alloys, whereas the PL 720-3/PL 728 system varied considerably in fracture
toughness, particularly with the two anodized surluce treatments on the twe clad alloys,
In those cases, G, values of about 1 inAb/iad were achievedd, Higher vatues of Gy, for

Pl 720-3 were obtained on bare alloys with phosphorie acid anodize, Failure modes of the
PL 729:3/PL 728 DUB specimens were all primeroriented, including the FPLtehed spoci-
mens, excopt Tor adhesive Bilure in the stressedd area for some specimens (ig, 10), Failure
moddes of the AF 143/EC 3917 bouded specimens were all colesive within the adhesive
(g Vi), S
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Half of the specimens were opened after 20 weeks and the other half at the end of the
program. Longest exposure times were 86 weeks, Extensive crevice corrosion (filiform
appearance) occurred in the unstressed area (posttest zone) of the bondline after more than
77 weeks’ exposure to 140°F/condensing humidity for those specimens bonded with FM
123-2 adhesive (fig. 12). Comparable specimens bonded with EA 9628 adhesive did 1ot
have corrosion in the bondline (fig. 13).

The two 350°F cure adhesives did not have bondline corrosion either. The anodized speci-
mens bonded with the PL 729-3/PL 728 system did exhibit brittle fracture behavior in the
pretest and posttest fracture areas, with the fracture failures occurring near the oxide surface
but apparently in the primer. This phenomenon seemed to be unique to the PL 728 primer
and the two anodized surtaces, although this did not have any effect on the durability per-
formance of the bond.

Conclusions that can be drawn from these tests are:

I, The stressed DCB specimen does not discriminate between adhesive/primer systems in
the same way as the stressed lap-shear specimens: i.e., the DCB specimens demonstrated
differences in Gy between the 250°F cure systems and the 350°F cure systems tested,
but not between the two 250°F cure adhesives,

2. Exposures of more than 77 weeks to 140°F/condensing humidity resulted in a crevice-
tyse corrosion (filitorm) in the bondline of the FM 123-2/BR 127 adhesive/primer
system for all surface treatments and alloys tested.

3. The Maede | loading caused a brittle fracture to oceur in the PL 728 primer on the
anodized adherend sutfaces in the pretest and posttest zones, but excellent stressed
durability was exhibited. ‘

L

3.2.3 FINAL JUSTIFICATION OF TEST METHODS

Final selection and justification of the test methods to be used for the remaindor of Phase 11 -
were made at this point, based on the preceding results und prior exporience,

®  Thickadherend lap-siear spectmen, - The decision to continue the use of this specimen
was based on the rationale presented in the Phase 1 and H study (vef, 1) and the resulis
of the preceding tests, The rationale was that thick adherends will transter shear loads
more unifornly through the test bondline and reduce the bending moment at the

toading edge, theeeby minimizing large adhesive steains at this point. (Solution ot the

nonaxial load problem encountered with this specimen and the statie loading fixture
as deseribed in app, A supposted the continued use of this speciimen.) Results from
writication tests abso iudicated that ditferences in steessed adhesive durability could be
detected. . ' ' T :

®  Thickadherend DCR specinten, This contipuration allows a quantitative evaluation of
the tracture toughness charueteristivs of adhesive systems in addition to qualitative
information; e.g.. adherend surliaceiadhesive durbility and boudline corosion mter
ucltions, ’

¢
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T i3 ®  Thin-adherend DCB specimen (wedge test),—This configuration was rejected in Phase I

HE because it was not quantitative. However, it was subsequently added to this program
19 because of a need for a simple, inexpensive test specimen that provided useful quali-
4 tative data.
g 3 ®  Thick-adherend SCB specimen, -This specimen configuration was not included in the
Y verification tests because it was similar to the DCB specimen in many respects, in
u that it was a self-contained, stressed specimen that could yield quantitative data. The
‘2 5} configuration 's especially designed to assess face sheet and/or core surface quality and
TR tuerefore was required to meet the objectives of the program.
3 3.3 INFLUENCE OF TEST TEMPERATURE (TASK 6)
g
4 i The purpose of this group of tests was to determine the significance of temperature in con-
b junction with water on the durability of bonded joints. This effect was assessed using the
~ A bonded DCB specimen,
)
£ 3 DCB specimens were fabricated as described in section 3.2.2 by using the 2024-T3 bare alloy
£ 2 with the phosphoric acid anodize surface treatment. The adhesive/primer systems used were
; FM 123-2/BR 127, EA 9628/BR 127, AF 143/EC 3917, and PL 729-3/PL, 728.
: ) ".
Six specimens representing each bonded system were precracked and exposed to two environ-

ments: 120 and 160°F/condensing humidity, Data for the 140°F environment were
developed in the tests described in seetion 3.2.2. Crack growth was monitored periodically,
and at the end of 20 weeks' exposure two specimens from each group were opened for
visual assessment. The remaining four specimens from cach group were opened at the
conclusion of the program (86 weeks),

Plots of G vs exposure time to the three temperatures at condensing humidity conditions are
shown in tigure 14, The erack containment capability o the two 250°F cure epoxy systems,
FM 1232 and EA 90628, was reduced at higher temperatures (fig. Tdaand by, There was
some ditference in performance between these two adhesives, but the significance of the
ditference was not apparent in this test, The effect of temperature on the two \\0 ¥ cure
adhesives was insignilicant in this test tig, 14, cand &),

The thiture modes of the specimens tested in §20% and 1607 F envirvonments were hasically
the same as those shown for the 140°F tests (figs, 10 through 131, The only signiticant
difference was the general absence of corrosion in the bondline of those spechiiens bonded
with EM 123-2/BR 127 adhesive when exposed to 1 20°F/condensing humidity enviromment,

The 140°F/condensing humidity environment was oviginally chosen for the test method
veritication tests, seetion 3.2, because it was considered both a severe environment thut
could shorten test pertods amd ulso one that aiveratt could realistically expeet 1o be expuosed

~ to during their seevice Kite, However, the DCB specimen resuits for the two 350°F cure
adhesives showed that teperature ditterences between 1207 and 1607 had no signitivant
eltect on bund pertornunce. '

v

v st i




4
.
-ff

i
i

A o PR o, PG

The decision was made to conduct all further tests on the two 350°F cure adhesive systems
at 160°F/condensing humidity. The rationale was that these adhesives might be exposed

to higher temperature service conditions than the 250°F cure adhesive, therefore, the higher
test environment would be justified. Testing of the 250°F cure adhesive systems was con-
tin;xed at 140°F/condensing humidity with the exception of the salt spray corrosion tests at
95°F,

Conclusions that can be drawn from these tests are:

1. Increasing temperature from 120° to 160°F in condensing humidity significantly

reduces the crack containment capabilities of FM 123-2 and EA 9628 adhesives (250°F

cure), v

2. Increasing temperature from 120° to 160°F in condensing humidity does not have any

significant effect on the crack containment capabilities of AF 143 and PL 729-3
adhesives (350°F cure),

3.4 EFFECT OF DURATION ON SUSTAINED-STRESS TESTS (TASKS 2, 3, 5. and 10)
The purpose of this test series was to examine the effects of longer term environmental
expostre (of more than 6 months), This section describes tests using three specimen config-
urations: the thick-adherend lap-shear, the thick-adherend DCB, and the thick-adherend
SCB tor honeveomb durability evaluation,

34,1 THICK-ADHEREND LAP-SHEAR TESTS (TASK 2)

Thick-adherend lap-shear specimens were fabricated as deseribed in section 3,.2.1, The

speciimens represented two alloys (202413 bare and clad) and one surface treatment process

(phosphoric acid anodize). The four adhesive/primer systems were represented: FM 123-2/
BR 127, EA 9628/BR 127, AF 143/EC 3917, und PL 729-3/PL. 728, The specimens wore
toaded at 1300, 1200, 900, and 600 psi using the modified loading fixture shown in figure

6. Those specimens honded with the 250°F cure adhesives were placed in 140°F/condensing

humidity and those bonded with the 350°F cure adhesive systems were placed in 160°F/
condensing humidity cabinets,

Time-to-tnilure results and vesidual room temperature apshear stiengths of those specimens
not tailed alter the Y-month exposure period are shown i table 8, These results again show
the M 12322 adhesive system to be loss durable in this test mode than EA 9628 or the two
350°F cure systems, AE 143 and 1L 729.30 However, the average time to failure tor I'M
1232 wits more than twice that observed in the carlier results (see. 3.2.0) for the 1 500-psi
stress lovel, There was no identitiable veason for this diftforence, as specimens were et

from the same panels, und the same loading tixtures and environimental Gagilities were used,
Comparison of failure medes showed the sime cohelive characteristics as those shown in
Ngure 8 tor tie same bonded system., except toe crevive cortosion in bondlines with the

FM 1.03-2 adhesive system, '

No BA 9628 bonded specimens Bailed during the Y-month exposwre pesiod, This is con-

osistent with the test results shiowa in table § tor the same alloys, Also, AF 143 and PL 7209-3

20
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adhesive systems did not experience any failures during this time period, even though the
environmental temperature was increased to 160°F at condensing humidity conditions.

Residual shear strengths were almost 2000 psi lower than room temperature controls for

FM 123-2, about 350 psi lower for EA 9628, almost 1000 psi lower for AF 143, and slightly
increased for PL 729-3. The low residual shear strengths for FM 123-2 may be accounted
for in part by the presence of bondline crevice corrosion in many of the clad specimens.
None of the specimens bonded with the other three adhesives had any bondline crevice
corrosion except for trace amounts along the edges of several bare specimens bonded with
EA 9628. The increase in residual shear strength for PL 729-3 adhesive and the decrease

for AF 143 was not explained, but probably relates to changes in rheological properties

as a result of the stressed test conditions. There was no correlation between the change in
residual shear strength and stressed durability performance.

Conclusions that can be drawn from these tests are:

1. The stressed lap-shear test is capable of measuring stressed durability differences
between the two 250°F cure systems.

2. To obtain durability data at realistic stress levels, long exposure times are required.
3.4.2 THICK-ADHEREND DCB TESTS
3.4.2.1 Long-Term Exposures (Task 2)

DCB specimens ot 2024 bare and clad atloys with the phosphoric acid anodize surface treat-
ment were fabricatod using the four adhesive systems: FM 123-2/BR 127, EA 9628/BR 127,
AF 143/EC 3917, and PL, 729-3/PL 728. Those specimens bonded with the 250° and 350°F
cure adhesive systems were exposed to 140° and 160°F/condensing environments, respec-
tively. The test results are plotted as Gy vs exposure time in figure 15, Extending the expos
sure time from 22 to 90 weoks did not result in any change in durability when assessed on
the basis ol crack growth only.

Assessmoent of the tailure modes in the pretest. test, and posttest teacture areas revealed the
sume conditions abserved after 22 weeks as shown in figures 10 through 13 for the respec-
tive specimens, except that extensive crevice corrosion oceurred in the bondlines of all
specimens bonded with FM 123-2 adhesive during the extended exposure time. However,
the Gy vs exposure time data in figure 15a show no effect of the corrosion. Given enough
time the corrosion would eventually aftect the Gy data because less bond would be availible
to hold the specimen together. If the corrosion aceurred in the stressed zone, then this
effect would show up sooner, but the cotrosion phenomenon is independent of stress and
this oceurrence wouid be random,

Conclusions that cun be drawn tron these tests are

1. The results agree with the cavlicr verification test resulbts: Lo, the test method did not
discriminate between the two 250°F cure udhesive/primers, FM 123-2/8R 127 and
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EA 9628/BR 127, but did discriminate between Gy for these two systems and the
two 350°F cure adhesive/primers, AF 143/EC 3917 and PL 729-3/PL 728.

2. The long-term exposure resulted in bondline crevice corrosion of the FM 123-2/BR 127
adhesive/primer system,

3.4.2.2 Comparison of CIAP Primer and Non-CIAP Primer (Task 3)

DCB specimens were fabricated from two alloys, 2024-T3 bare and clad; two surface treat-
ment processes, phosphoric acid anodize and chromic acid anodize; one adhesive, FM 123-2;
and two adhesive primers. BR 127--a corrosion-inhibiting adhesive primer (CIAP), and

BR 123-a non-corrosion-inhibiting adhesive primer (non-CIAP). The stressed specimens
were exposed to 140°F/condensing humidity for over 80 weeks. Results of the test are
shown in figure 16 and 17.

Comparing those specimens with CIAP primer to those with non-CIAP primer on phosphoric-
acid-anodized surfaces (fig. 16a), there is an indication that the non-CIAP primer slightly
lowers the equilibrium Gy There is good agreement between the previous data shown in
figure 15a and the data in figure 16a for the additional tests. Failure modes in all specimeis
were cohesive with the exception of extensive bondline crevice corrosion in the unstressed
areas with both primers.

The performance of the two primers on chromic-acid-ancdized surfaces is shown in figure
1ob, The non-CIAP primer on anodized 2024-T3 clad surtiaces tailed adhesively on all six
specimens ina matter ol a few hours resulting in Gy of less than 1, whereas the same bonded
system on 2024-T3 bare alloy and the CIAP primer on the two atloys did not delaminate,
Crevice corrosion was evident on all specimens in the unstressed bonded area with both
primers. Examples of the failed specimens atter posttest fracture are shown in figure 17,

Conclusions that can be drawn from these tests are:

L. The interactions between adherend surfaces and primers in the presence of stress (Mode
1) and water can be eviluated by DCB tests,

2. Bondline crevice corrosion with FM 1 23-2 adhesive is independent of primer 1ype and
surtace treatment,

3.4.3 HONEYCOMB SCB TESTS (TASKS 5§ AND 10)

Honeycomb specimens of the contiguration shown in tiguee § were tabricated, Specimens
were stressed by torgquing two bolts on cach ead of each speciimen tosaequire o displacement
ol 008 in. This cantilevered the 1/2-in, tace sheet, causing a crack to propagate to an arvest
point at the interface botween the Bice sheet and test honeyeomb core.

Materinls and processes used in the Gabeication of these specimens ate listed in table 9. The
honeycomb cores sefected tor these tosts represent tiree stages ol technology deve loprisent,
The phosphoric-achl anodized core represents the newest coneept, with o surlice treatinent
that entiances adhesion and bomd durability but requires ain organic coating Tor corrosion
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protection. The Dura-Core and CR IlI core (corrosion-resistant cores) represent the current
industry standard technology with good corrosion protection and bondability. The standard
core represents the technology of the 1960’s,
Table 9.—Materials and Processes Used for Single Cantilever ‘
Beam (SCB) Specimens i
5
Face sheet .
‘ Heneycomb core surface preparation Adhesive/primer system .
: Phosphoric acid Phosphoric acid anodize EA 9628/BR 127 i
: anodized standard FM 123-2/BR 127 ¢
| core AF 143/EC 3917
{ ,
! Chromic acid anodize EA 9628/8R 127 :
;, FM 123-2/BR 127
¢ AF 143/EC 3917 :
- Dura-Core—Corrosion Phosphoric acid anodize EA 9628/BR 127
. resistant {American FM 123-2/8R 127 .
4 Cyanamid Co.} AF 143/EC 3917 E
Chromic acid anodize EA 9628/8R 127 i
B FM 123-2/BR 127
: AF 143/EC 3917
) - ! CR 11l Core—Corrosion Phosphoric acid anodize EA 9628/8R 127
j i resistant (Hexcel Corp.)
‘ l’ Standard core Phosphoric acid anodize EA 96G28/8R 127
Specimens bonded with EA 9628 and M 1 23-2 adhwsives (250°F cure) were exposed to
140° F/condensing humidity envivonment. Specimens bonded with AF 143 adhesive (350°F
cure) were exposed to 160°F/condensing humidity environment. Periodically, specimens
were removed Feom the environmends and chunges in eriack length recorded,
Crack extension data For cach of the three adhesive systems and combinations ol honeycomb *

vore and surfiee trentiments to Lsyear exposure are shown in Figure 18, Crack extension data
for those specimens bonded with the EA Y628/BR 127 system skow that phosphoricacids
anogized core and face sheet praduced the shortest erick extensions, lwnce the best environ-
mental durabitity, Essentially no adhesive failure of the coresto-litlet bonds occurred in the
test 2one of these specimens.  Failure moddes in the pretest and postiest sones wepe 100%
cohesive within the tillets and there was no evidence of molsture peaetration into the
unstressed arca, (See fig, 1900 CPhe 140° E/condensing humidity: envivonment causes thwe
color of the EA 9628 to ¢lange trom i medinm green to a light geeen in the exposed adhe-
sive: theretore, the adhbesive sealed in the postiest cone remains a dacher geeen color i it

Jias not been exposed 10 nioistuie,
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Specimens that had phosphoric-acid-anodized core and chromic-acid-anodized face sheets
produced longer crack extensions but with the same failure modes as with the preceding
specimens. Examination of the posttest area showed that either the crack had extended
farther than the measured crack tip on one of the specimens or moisture had penetrated into
the cells of the posttest zone (fig. 19b).

The other EA 9628 bonded specimens representing combinations of standard core, Dura-

Core, and CR 11 core, with the various face sheet surface preparations, exhibited 50% or .
more adhesive failure of the core-to-fillet bond in the test zone. The standard core resuited !
in 100% adhesive failure and the longest crack extension, Examination of the EA 9628
adhesive in the posttest zone of all the above combinations showed evidence of complete
moisture penetration into this zone. Also, the failure modes in the posttest zone ranged up i
to 60% adhesive in core-to-fillet bonds. A typical example of the effect of moisture is

shown in figure 19¢, and a comparison of figure 19¢ with figures 19a and 19b illustrates this -
observation.

Crack extension data for those specimens bonded with the FM 123-2/BR 127 system showed
the core and face sheet combination of phosphoric acid anodize to have the shortest crack
extension accompanied by almost 100% cohesive failure of the core-to-fillet bond. The r
combination of phosphoric-acid-anodized core and chromic-acid-anodized tace sheets resulted
in longer crack cxtensions, but with the same failure modes as the phosphoric-acid-anodized
core and face sheets, There was nothing obviously difterent between the two that would
explain the spread between the two sets of data. The combinations of Dura-Core with
phosphoric-acid-anodized and chromic-acid-anodized face sheets resulted in about 50%
adhesive failure of the core-to-fillet bond in the test area, with slightly longer crack
extensions than the specimens with phosphoric-acid-anodized core and face sheets,

t‘ailure modes in the posttest zone of all specimens bonded with FM 123-2 were 100%
cohesive in the fillet. Assesstent of moisture penetration into this arca was not possible
since FM 123-2 did not exhibit any obvious color change resulting from exposure to 140°F/
condensing humidity.

A general observation of all SCB specitrens bonded with the FM 123-2/BR 127 system
showed that the adhesive fillets to the cores were very small-much smaller than the fillets
formed by the EA 9628/BR 127 system. This may account for the longer initial erack
tengths and the tighter grouping of data of the FM 123-2 bonded specimens compared to the
data from the EA 9628 bonded specimens,

Crack extension data for the specimens bonded with the AV 143/EC 3917 syston show very
Tittle spread between the different combinations of core and Tace sheet surtice preparations.
Assessiment of the failure modes in the test zone revealed that the specimens with phosphorics
acidsinodized core had about 10% adhesive fatlure of the cove-to-fillet bond, but the speci-
mens with Dura-Core exhibited more than 305 adhesive taiture of the core-to-fillet bond,
Failure modes in the posttest zone of all specimens were 1009 cohesive, with no evidence of
moisture peneteation into this aven. AF 143 changes color alter exposure to 160°F/ con-
densing humidity, going trom light brown to dark brown,
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A general comment relating to all the SCB specimens representing all three adhesives tested
is that there were no instances of adhesive failure to any of the face sheets.

Conclusions to be drawn from this study are:

1. SCB specimens with phosphoric-acid-anodized standard core and tace sheets exhibited
the best environmental durability with all three adhesive systems tested.

The corrosion-resistant cores (Dura-Core and CR I core) were intermediate and the
standard core exhibited the poorest environmental durability with the 250°F cure
adhesive systems tested.

!~J

3. The thick-adherend SCB specimen offers a semiquantitative and qualitative means of
assessing the stressed durability performance of honeycomb core adhesive face sheet -

bonds. .

3.5 CYCLIC STRESS TESTS (TASKS 4 AND 8)
3.5.1 THICK-ADHEREND LAP-SHEAR CYCLIC LOAD TESTS

3.5.1.1 Tests at 0.8 cph and 10 cph (Task 4)

Thick-adherend lap-shear specimens were subjected to cyclic loading at two slow frequencies
and four stress levels while exposed to 140" or 160°F/condensing humidity. The two cyclic
load frequencies used are shown in tigure 20, The Bell eycle, | hour at maximum load
(Fyax) and 1/4 hour at minimum load (fiy3,) was developed by the Bell Helicopter Company,
Fort Worth, Texas (ref, 3). The Boeing cycle, 4 minutes at 1,45 and 2 minutes at £y, was
selected as a frequency that would be signiticantly taster than the Bell cycle, vet allow
enough time for some polymer relaxation at fygx and Fyin. and still be compatible with

the test equipment. The four stross levels of f,« were 1500, 1200, 900, and 600 psi. The
Finin stress equaled zero for ull cases. The rate of load application and release was rather

fast in all cases, loss than 2 seconds from £, 0 e

The test machine, shown in figure 21, functioned by vaising and lowering o dead weight
cuntitevered on o beam, The test specimens were stressed individually in chambers that pro-
vided condensing humidity at the specitied temperatures,

These tests evaluated EA CO28/BR 127 and AF 143/EC 3917 adhesive systems, 2024-T3

clad and bare aluminum alloys, and phosphoric acid anodize (BAC S555) surtace treatment,
The specimens were exposed to 140°F/condensing humidity and 160°F/condensing humidity
tor the EA 9628/BR 127 and AF 143/EC 3917 adhesive systems, respectively,

Data for those specinens bomded with the EA 9628/BR 127 adhesive system and tested at
the two loading frequencies ave shown in tible 10, Data for the specimens bonded with

AP T3/EC 3917 adhesive system are shown in table 11 The data are presented as cveles
and time to Bailare Yor those specimens that filed oe as residual shear strength at -.umululiw
eycles tor those s;wciuwns llml did not tail dueing the test periad,
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Failure modes of all specimens were 100% cohesive in the center of the bondline, as shown
in figure 22. Several specimens fabricated with 2024-T3 clad alloy had some crevice
corrosion undercutting the bondline of both adhesives (e.g., fig. 22a); however, the amount
of corrosion apparently did not affect the time-to-failure data. The same filiform corrosion
phenomenon was observed in the bondlines of DCB specimens bonded with FM 123-2/

BR 127 adhesive system after extended exposure to 140° F/condensing humidity, as reported
in sections 3.2.2 and 3.4.2.

A summary of the failure data of tables 10 and 11 is shown in figure 23. This shows the :
spread between the failures at 0.8 and 10 ¢ph for the two adhesive systems, The slower Bell {
cycle, 0.8 cph, is much more damaging than the faster 10-cph cycle. Failures occurred only :
at 1500 psi with the AF 143/EC 3917 system tested at 0.8 and 10 cph. This comparison :
with the EA 9628/BR 127 system demonstrates the improved stressed durability characteris- t
tics of the 350°F curing AF 143, f

The following conclusions may be drawn: .

1. The slow Bell cycle, 0.8 cph, is more damaging per cycle for the two adhesive systems
tested than is the 10-cph Boeing cycle,

2. The AF 143/EC 3917 adhesive system is more durable in cyclic tests than the EA 9628/
BR 127 adhesive system.

3. Cyclic loading produces failures much faster than does static load testing.
3.5.1.2 Tests at 1800 cpm (Task 8)

The thick-adherend lap-shear specimens used in this series of tests differed only in that the
ends of the specimens were not notehed, which facilitated mounting in the SF-1-U
Wiedemann Baldwin fatigue machines. All tests wore run at 1800 cpm at a stress ratio, R,
of 0.06 (R = fjin/finax). Maximum stresses, Ty, ranged from 2000 to 3300 psi. Speci-
mens were tested in 1our environments:  758°F/ laboratory humidity (20% to 30%), 75°F/
wet, 140°F/dry Closs than 10%), and l40§l-/wct. Spcdnmns were uot prccondnioncd betore ‘
testing in tlw wet environments, R

Spccimvns tested in the tour envirenments were 2024-T3 bare alloy bonded with the EA-
Q628/BR 1 27 adhesive system, Two surfuce troatments were incorporitted: phosphoric -oE

. acid anodize (BAC 3555) und clhiromic acid anodize (Bell process). Additional specimens of ‘ s
7075176 bare alloy using the same adtws.iw and surface pwp.nmlians were mwd i the :
140°F/wet mwimnnwm

The specimen arrangement in the SF-1-U tatigae machine with the chamber for produciug -
~ the 140°F wet environment sutrounding the specimen is shown in figuee 24, The test resulls
" for the four environntents and specimen combinations are shown in Figure 25, High stress
levels were used to develop the S8-N curves within reasonable time periods, Compuaring these
data with the stow eyelie data of figure 23 shows that Tur less dange oceurs por eyele ut
1800 cpm than at the slow cyclic wates, S o
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Failure modes are different when compared to the slow cyclic rates, as shown in figures 26
and 27. The fingernail-shaped area is the crack front that propagates from the load transfer
edge until the remaining bond fails. The failure mode within the fingernail area is very near
the metal oxide surface and appears to be at the adhesive-primer interface. This is schema-
tically shown in figure 26a. This failure mode is different from those observed with the slow i
cycle tests, which were all in the center of the bond suggesting a creep-rupture-type failure. ;
The fast-cycle fatigue-induced failure shows evidence of what could be termed fatigue ;
striations (fig. 28),
Some of the specimens that were chrowic acid anodized failed early. (See figs. 25b and 25e.) :
These specimens were characterized by a difterent failure mode (fig. 26b). In these cases,
the fingernailsshaped area had substantial areas of an oxide-oriented tailure.

Conclusions drawn from these tests are:

1. The high-frequency cyelic load tests, 1800 cpm, are much less damaging to the bondline
per cyele than the low-frequency tests,

2. Bonds to chromic-ucid-nodized surtaces result in occasional oxide failures at the stress
tevels and cyclic load frequency used.,

3. Increasing the test temperature from 78° 1o 140° 1 shortens the fatigue lite of the
bonded systems tested. The presence or absence of water did not seem to have an
effect at cither temperature, (The test duration was less than 2 days, possibly not
allowing sufficient time for the water to affect the mechanical properties ot the
adhesive. Had specimens been preconditioned to o moisture equilibrium condition,
resubts wmight have been ditferent.)

4, Fajlure moddes suggest a tatipue fuilure of the adhesive at or near the adhesive-primer
~interface. In contrast, the stow cyeliv tests, 0.8 and 10 cph, suggest a ereep-rupture-

- type tablure where the fuilure is entively in the center of the bomd, There was ne evidence
that phosphotic acild anodized surfaces adversely influenced the tatigue behavior of lap , -
shear specimens, However, there was some evidence that chromie acid anedized L B
surtaces did influence the specimen tatigue behavior, When tested at 1800 cpm, some B
specimens with chromic seid anodized surtuces exhibited decreases in mlh..m lhe - :
apparently as rc».ull of oxdde-tnitiated failures, :

352 THICK-ADHEREND DCB CYCLIC LOAD TESTS (TASK 8) R

Thick-adhoremd DCB speciinens were stressed wnder eyelic loads by aliernating the displaces
“ment at the load puints Veom O 10 0.20 in, To acquire the dynamic aspects of eyelie loading, -
-~ eclevises were pinned through the end of the specimens usimg | d-in, pins iestead of Ui tofijued -
bolts shown in Vigure 3, This loading arrangement is shown in ugum. '“) z.mi ’%ﬁ ror fhetyo. -
~ diTorent test apparatus used.: _ . P
Speciiens were Ribrivated of 202413 and 7075-To hare aludnum alloys: pliosphorie
avid anodiee, Comiic acid anodize, amd FPL etel sustive treatutents: aml E8 9628/8R 127
adltesive system. Boaded specimens cansisting of 202413 bare alloy surface treated with
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phosphoric acid and chromic acid anodize were tested in four environments: 75°F/wet and
dry and 140°F/wet and dry. Those specimens of 2024-T3 bare alloy and FPL etch, as well
as those of 7075-T6 surface treated with phosphoric acid and chromic acid anodize, were
tested in 140°F/wet environment only. The reason for this was that surface treatment
interactions were most important for these specimens, and a warm, wet environment is the
most discriminating.

Tests were conducted at three cyclic frequencies: 1800 ¢pm, 10 cpm, and 0.8 cph. The
1800-cpm frequency was sinusoidal in nature to simulate the standard fatigue test frequency
and was obtained using an electric motor turning a flywheel with an eccentrically located
pin.

The 10-cpm frequency represented 3 seconds at full load or displacement and 3 seconds at
zevo load. The 0.8-cph trequency was the Bell cycle described earlier: 1 hour at full load
and 1/4 hour at zero load. The two latter frequencies and load profiles were obtained by a
timer operating pneumatic cylinders, Environmental exposures in this case were obtained
by immersing the specimens in water for the wet environment or in an oven for the 140°F/
dry environment.,

For each test condition, specimens were opened to 0.20 in, and closed at the prescribed
frequency. Specimens were removed from test at intervals dictated by load frequency and
crack growth rate, and the change in crick growth was marked and recorded. These data
provided crack growth vs cycle information from which plots of da/dN ve AG were obtained.
Caleulation of AGy is done in the same manner as described in section 3.2.2, using equation
tn , ‘
yoER 13 +0.60)° + 17

Gi = o + 0.60)7 + ahs)°

h

Since the displacement, ¥, is being cyeled between 0.20 and 0 in,, AGy varies between Gy
and Gppins Where Grpin = 0 and Gy 18 incrementally reduced with each increase i crack
longth,

The incremental change in erack length per evele, da/dN, is obtained from the data by
plotting crack tength vs eyeles on log-log paper and determining the slope, m, ot the cupve ut
signiticunt points, The slope, m, is determined from the velationship:-

loga = mlogN + togC )

where ny ds the stope, a is the eraek leagth, N is the number ol uydos. and C s tlw intercept |
“erack lenpth ot tog N =0 (N = 1) From m;uation( B

4= CINW b
Divterentiating yields:
Ay ! —_ 4
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Then da/dN is determined from equation (4) and plotted vs AGy on log-log paper.

The results for the different alloy, surface treatment, cyclic frequency, and environment
combinations are shown in figure 31. From the 1800-cpm frequency tests, it was possible

to determine a threshold point, AGyTH, which is that point at which a crack no longer
propagates.

The plots show characteristic Sshaped curves. This shape is also typical for monolithic
metallic materials. In these curves, the upper right-hand section of the curve (i.e., high AGj
and high crack growth rate) represents the point where the initial crack is generated in the
specimen and it comes to some arrest point, Gy, at zero cycles.

As the load is reduced to y = 0 and back to yypqx = 0.20 in. the crack will move forward by
some incremental amount. With each cycle, Gypax becomes less as the crack grows until the
crack growth per cycle approaches zere or AGyTH. which is represented by the bottom left
portion of the curves; Gypyin is cqual to zero in all tests.

In all of the tests run at 1800 cpm, a threshold was established which was between a AGy
of 1.0 to 1.5 for tests run at toom temperature/dry and wet, and between a AGp of 0.3
and 0.75 for tests run at 140°F/dry and wet.

The tests run at 1O cpm were in general agreement with the 1800-cpm curves. However,
thresholds were not established at 10 cpm because of time constraints.

The test run at 0.8 cph produced longer eracks per evele than cither of the faster cyclic rates
at the same &Gy, Less data were coltected for these tests beeause of the very slow cycle and
the long test times involved. In all the plots of da/dN vs AG, the response in tatigue followed
trends similar to those observed by Mostavoy and Ripling for bonded joints (ref. 4), even
though Mostovoy used a different specimen contiguration, as well as a different method of
obtaining datu. His threshold AGppp values ranged trom 0.3 to 2.8 inb/in= for several
ditferent commercial adhesives tosted in sevoral environments, as compared to 0.5 to 1.6

for EA 9628 tested in this program, -

Failure modes, with few exceptions, were 100% vohesive failure, The da/dN plots are there-
fore sepresentative of adhesive properties and not system propertios, Figure 32 shows
typical failure modes tor soveral environments, loud freguencies, atd bonded systems, Two
exceptions are noted: : '

1. One of the chromic-acidsanodized spevimens showed i tipid deop in vrack containment
eapability (AGy of 0.68 in-lb/ in=1 after having reached an apparent AGpThy oF about 1.8
(e, 3ad Examination of the failure showed wdhesive or intra-oxide failure in the area
where rapid erack growth had oceurred (g, 32d), '

2. Another clromic-icld-anodized specimen exhibited the same adhesive Dailare in the
saame area of the speciimen (1h, 33en However, in this cise there wis no abivious
Cinerease in crack growih vate or deerease in Gy due to this change in tailure mode,




Conclusions that may be drawn from these tests are:

1. Cyclic loading of DCB specimens is more damaging to the stressed bondline than is
static stress loading at the same stress level.

2. There is a threshold level, AGyH, at which the crack no longer propagates; AGyT at
140°F is 0.5 to 0.75, which is about half of AGyTH at 75°F (1.0 to 1.6) for the adhesive
system examined.

3. The Bell cycle (0.8 ¢ph) is more damaging per cycle than the 10 and 1800-cpm cyclic
rates,

4. Testing in a water environment at 75° or 140°F, without preconditioning of the speci-
mens, produced the same results as dry conditions for the test durations involved.

5. The test method is of value in that it can identity a property of an adhesive, AGTy,
which relates to its behavior under dynamic loading,

6. The magnitude of AGypy for the adhesive tested is in the same range as that observed
tor aluminum ailoys.

7. There was no evidence that phosphoric acid anodized surfaces adversely influenced the
fatigue behavior of DCB specimens. However, there was some evidence that chromic
acid anodized surfaces did influence the fatigue behavior, When tested at 1800 ¢cpm,
some specimens with chromie acid anodized surfaces exhibited o 50% reduction in
GTH. apparently as a result of oxide-initiated failures.

3.6 DURABILITY TESTING IN SALT SPRAY (TASK 9)

The purpose of this task was to identify the effects of a very corrosive enviropment on bond-
lines of different bonded systems. These system variations included clud and bhare alloys,
surfaee treatients, udhesive primers, and adhesives, The various combinations ure shown in
table 12, The test specimen contiguration used for these tests is shown in figure 4.

Toble 12.—Bondment Variables for Salt Spray Tests

Surface treatmonts Alloys Adhesive/primer systom
Phosphoric acld anodize 3024-73 clad FM 123:2/8R 127
: ‘ EM 123.2/8R 123
Chromic acid anotize . - EA 0626/8R 127
_ 2024-73 bare FM123.2/8R 127
FPL utch . FM 123.2/BF 123
. €A 0628/8R 127
70?8-1’6 cla !.A QG?B.IBR 127
17576 hare EA 8G268/8R 127




Five specimens were fabricated for each of the bonded systems. The specimens were then
placed in a salt spray environment of 5% NaCl at 95°F. The change in crack length of each
specimen was recorded periodically. At the end of 1 month, one specimen was randomly
selected from each bonded system and opened for visual inspection of the bondline condition
both in the stressed zone (crack tip zone) and in the unstressed zone. This same procedure
was carried out after 2, 3, 6, and 12 months when the last specimen was removed from test.

The average crack lengths and the bondline appearance at the end of each time period are
shown in tables 13, 14, and 185, and figure 33. The data in the tables are the averages of
five wedge specimens for intervals to 30 days and the averages of the remaining specimens
for each interval thereafter. This procedure sometimes resulted in a decrease in the average
crack length,

# Two basic differences in durability of the bonded systems tested were apparent in these tests.

g First, the crack growth data showed that some of the bonded systems resulted in poor
stressed durability performance as characterized by large crack growths after relatively short
exposure times (1 to 30 days). These specimens also showed adhesive failure modes in the
crack growth zone. These systems were (1) the FM 123-2/BR 123 system bonded to 2024-T3
clad and bare alloys which were chromic acid anodized or FPL etched, and (2) the EA 9628/BR
127 system bonded to cluomu.-aud-anodlzcd 2024-T3 clad alloy and FPL etched 7075~T6
clad alloy.

The second basic difference in durability performance was the corrosion phenomenon which
oceurred randomly in the bondline, stressed or unstressed, starting at an edge. This difference
was not apparent in the crack growth rate data, The crevice corrosion was dominated by clad
dissolution because of. the sacrificial nature of cladding. Although bondline crevice corrosion
oceurred in all the clad alloy bonded systems tested, the prebond surface trestment has a
definite effect on the progress of clid dissolution: i.e., the anodize surtace treatments retard
the dissolution rate significantly, which s i\l!’liuul.ll‘ly true in those systems that use BR 127
(CIAP) primer. The phosphoric acid anodiic pertormed slightly bcucr than the chromic

acid anodize in this regard.

Bondline crevice corrosion was also evident with the bare alloys, but to a far lesser degree
thin with the clad alloys. Most bondline corrosion of bare ulloys oceureed with those that
were FPL etehed, and was more pronounced on 7078-To bare. There was essentially no
bondline crevice corrosion of bare alloys that were phosphoric avid anodized,

Conclusions that can be drawn trom these results ave as follows:

Lo The phosphiorie acid anodize provess provides markedly improved stressed bond joint
durability and retards bondhing crevive corrosion in severely corrosive environments
when compared to two other state-of=theart surface preparition processes,

2. Sivessed hond joint durability is markediy aftected by the adberend prebond surtaee

treatment aid the adhesive/primer system in contaet with it This is evidenced by the
: poor pertorminee of FM 123:-2/BR 123 (non=CTAPRY adhesive/primer system on FPLs
i etched and ekromic-acidanodized 2024T3 clhad and bare and the better pertormange
: of the same systems whien BR 127 (¢ IM') in substitated Tor BR 123 (nonCl1AD).

T i A LY g s o



T NG e B o

vaWREds suQ,

SuaLIIis ore) 4O @mn.&»(n.
SUBWITS Fasg Jo numn»v.,(u
SUBWIDAUS IR0} U ﬁmn»m...(n
suawidads an} jo uggaim
LS°L LS'L 6571 851 09'¢ SS°L (13-9 } i 81eq GL0L
99°L €9°L ¥s'L g9’'L £9°L 95t 1571 14 4 3 PEIDGLGL
9L oL 65°L 65°L 85°tL £9°L o5t 21 g § aseq pZ0Z
A} Ly'L 9L oL 12A vl LE'] LEL PeR ¥20T LZ1 ¥B/BL36 V3
el’l SS°L 95°1L 09t §9°L st ovt ov't aieq yZ0Z
syt 8t'L el €9°L A} 3 ag’l L geL PePR 9202 LZ1 YUB/Z-EZ1 W3
o'l 89°L 99°1L LS°L ¥S'L as’t et ey areq 4707
v8'L 9L 0s°L €571 6t 21548 3 8E’1 el PE $Z0Z E21 BR/Z-EZI N4
fa) (p) (0 (@ () {2 {®) {e) Aojty |- wmisAs anssypy
sAep 59¢ sAep £g1 shepge | sAeppg | sAepog shep /£ Aep |
Lesy+ %[ 9%y + O Sey + % | Yey + %% €ey +% | Zey+ % leg + % -uy “Oe
SZIPOUY PIOY 21104dSOY—u0neseds 1y 3384NS ‘AeidS I1eS Ul 5urrsaf Azyigqeing—gy aiqgey
e e 2 ot O R 2 e T




T

uswrsads o,

SUFWIDKIS O] 3O ummug(ﬂ
suBusads Jaiy jo sabeiasy,,
suauads anGy 30 u@umwhS(n
suawisadds any jo sebrsany,

yo°L 69°L 85°L L9’ 651 el st syl as5eqQ /0L
et 4 A} Sl 'L St'L £ 34 N 8 £Vl or'tL PRI2 GLCL
z8'¢e oL'ec 9Ll 6L°L 69°L £5°L Z5°L 'L a1eq 2Oz
e 8r'e we £9°¢ LET 08’L Sl A peP v202 £21 8978286 v3 |
aL'e 98’ gL eL’L Lt L i L aseq $Zoz \mw
98'¢t Gl o't i 6L LAl PEL £l § PEP 202 LZ1 UB/ZECL {id
99°F L6'E [A 8¢€'t 80'e a0¢€ 99z it areq v207
121748 v8°¢c LLC o0g8c 8.2 89°C 83 248 § pER Y202 €21 UB8/ZETL VI
= ®) (o) (@ (2) (0 © ) dony | weisss anseupy
shepgoE | shepegy | shepog| stepoo | skepog| sAeps | Aepy
Leg+% | %y +% | Gey+%%| Yey+%% |Ceg+% | Cey+ | tegs e ‘ut Oe

AZIpoUYy PIAyY W0 —uojeseds.ld 8oe4ins ‘AesdS yes ui bunsal Ajjiqemng— 14 3/qget

e e T T SR L+ a1 . e b v




tewIIads 3L,

suswIIads G2 30 omm»ﬂ.,(v
suawidads 32,1 30 sbesaay.,
suawads Jinoj 30 n&ESu

suzsads any J0 sabeianyy

oLc — v6°1 88°t g8t 06’1 | 69°L €571 6v't aeq CL0L
puogsip {2101 £0°¢C Ve SG'E eL’L es’L 150 | PER SL0L
e 6L €L Lt [A ¢St av'i 218 § areq y20Z
JA A (1 7TAYA Ll TN o't 12213 ori ov'L PEID 202 L2 ¥8/3Z586 v3
Le'c 80°C £€9°L G9°1 LS°L 0s’L vl LEL aeq vZ02
(17 AYA €5°L €671 0g’L st St'lL se’L =300 § PEID $202 LZ1 68/2-€Ct Wid
puogsip 1810 | 99'e vLE £G°E £TE G6°C ert areq yZ0Z
puogsip |e10] 99t oSt oGt 9zt 2 0A oL peR vZ0Z set Ha/Z-E21 Wia
{3} (P} (?) (a) (e (e) (e {e) Aoniy WAISAS DAISIUPY
shepgog | shepesl | siepop| siepog| siepoc| shepr| APl
Loy +%| ey + % | Sey+e Yeg 4% | Eey+ Zegy + % | tey + % -ws e

Y213 Td4—Uo011eiedaid adesns ‘Aeads 3yes ut bupsal Aupqeng—15i ageq




3. The wedge test method is discriminating and provides a relative ranking for many of
the parameters that affect bond joint durability.

4. The data confirm that clad aluminum in the bondlines is undesirable under severely
corrosive conditions.

3.7 LAB TEST/INSERVICE CORRELATION (TASK 7)

The purpose of this task was to attempt to establish a correlation between test results derived
from laboratory-prepared specimens and service performance. Two groups of bonded aircraft
details were used in this study. The tirst group was from commercial aircraft and the second
trom Air Force aircraft. Most of the details employed in this study had demonstrated poor
bond durability resulting from service operations; i.¢., bondlines had varying degrees of
delamination and corrosion. Test specimens were fabricated from those areas of the bonded
details where the original bond was still intact.

3.7.1 DURABILITY TESTING OF COMMERCIAL AIRCRAFT N

Details consisting of metal-to~metal bonds representing skin, doubler. and tripler configura-
tions from four commercial aircrait were examined in the first part of this task, They were
identified as aircraft A, B, C, and D, where aireraft A and ¢ had delamination and varying
degrees of corrosion, and aireraft B and D had panels that did not exhibit any bond problems
in service. Fracture tests (wedge type), lap-shear tests (sustained-stress and rooms=temperature
controls), porta=shear tests, and peel tests were conducted on specimens prepared from these
bonded details.

Table Vo lists the materials of cach aireraf’t detail, the total flight-hours accumnldated at the
time of removal from the airevatt, and the visual condition of the detail,

Table 16.—Commercial Aircraft Bonded Details

Surface
Aircraft | Alloy preparation Adhusive/primer Flight hours Commants
A 202473 | FPL etch AF 126/EC2320 | 6000 Extonsive dolaminatinn of
clad . skinsdoubler bond, Some in .
doubler tripler bond. Mild T
corrasion,
8 02473 | FPLoch AF126/EC 2320 | 5000+ No bond delamination or ' o
clad corrosion, . i
¢ 2024Y3 | FPLutch FM123:2/8R 123 | 9000+ Extensive dotamination of
clad : skitndoubloe, Extensive
corrasiun,
0 202473 | FPLwen | FMI232/81123 | 3000+ No bond delaminanon oe N
el 7 COEORIoN, o
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Specitmen configurations for the specific tests for each aircraft are shown in figures 34
through 37. Specimen configurations varied from the standard test specimen configurations
depending on detail configurations and whether or not stiftening doublers were required for
specimen symmetry. In those cases where stiffening doublers were used, the doublers were
bonded to the aircraft details as wide-area bonds using a 250°F cure modified epoxy, and
the test specimens were then cut to the configuration shown,

Table 17 presents results of lap-shear, porta-shear, peel and wedge tests for the aircraft details,

along with a description of the associated failure modes. Even though the details from two
aircraft had exhibited delamination in service, the conventional test results indicated that the
remaining bonded arcas were still acceptable in terms of mechanical properties.

Time-to-tailure results of stressed lap-shear specimens machined from details of aircraft A
and B are shown in figure 38, The test results do not predict the inservice performance of
either structure, since the two details from aircraft A had experienced delamination in
service and the two from aircraft B had not,

The wedge test results for these two aircraft, shown in figure 39 clearly show that aircraft B
had a more durable bond. (Note, however, that the wedge test specimen configuration is
diftferent between the skin-doubler bond and the doubler-tripler bond, and between aircraft
A and B, figs, 34 and 35, which accounts for the difference in initial crack lengths) The
specimen configurations are nonconventional and the results cannot be compared on a one-
to-one basis with results from conventional wedge test specimen configurations,

A bonded metal-to-metal section cut from aircraft C detail is shown in figure 40. The photo
identities the areas where various tests were conducted, is well as an area where delamination
and corrosion oveurred,

The panel was fivst inspected using ultrasonic through-transmission C-scan to confirm the
boundaries of delamination. Next, an clectrodynamic proof load test to 2000 psi was con-
ducted in an aven adjacent to the delomination and in another area well away. Porta-shear
tests were condueted in and around the dougimat-shaped proof-toaded areas, as weil as ut
other random spots on the panel. The targe arcas for wedge test specimens and peel speci -
mens were eut from the panel and approprinte doublers bonded to one or both sides as
showa in figure 36, Tost specimens were then cut from these aveus os indicated. -

Portasshear and peel results are shown in table 17 and wedge test results are showa in figure

41, A typical wedge test specimen und o typival peel test specimen atter completion of testing
are shown in Cigure 42, The wedge test specimen -xhibited cobesive failare in the pretest and

postiest Bacture zoies, wherens in the test aren extensive adhesive failure oceurred. With the
partivatar specimen shown, the porta-shear button which had first seen a 2000-psi proot toad
followed by the ST00-psi portieshicar atterpt without failing has casily delaminated under
the combination of stress and 1.20° Flecondensing humidity environment, The peel specinen
exhibited execellent peel strength plus 1007 cohesive faiture, However, when water was
introduced at the bondiine, the failure immediately went to-the intestiive, and adhesive
tailure ocewrred, '
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Only wedge test specimens were fabricated from aircraft D. These resuits are shown in table
17 and figure 42. The failure modes were all {00% cohesive in the pretest, test, and posttest
fracture zones, confirming the lack of bondline delamination and corrosion after several years
of service exposures,

Conclusions from these tests are:

~1.  Conventional state-of-the-art tests (e.g., lap-shear, peel, porta-shear) do not predict
service durability performance.

2, The wedge test shows a good correlation between the service performance of aircraft
panels and related wedge test specimen performance in the laboratory.

3. Sustained-stress lap-shear time-to-failure tests do not correlate with the related aircraft
details and their service performance.

3.7.2 DURABILITY TESTING OF AIR FORCE AIRCRAFT

Bonded panels representing C-141, C-5A, F-5, and T-38 aircraft were collected from scrap
bins at McClellan, Travis, and Nellis Air Force Bases. Two types of panels were selected:
(1) panels that had obvious bondline delamination and (2) panels that visually had good
bonds and were scrapped tor other reasons. The aircraft type, a description of each panel,
and the materials of construction are identified in table 18, Of the three adhesive systems
identified, two were 250°F cure systems (AF 111 and FM 123-2) and oue was a 350°F gure
system {FM 61).

No service history was available nor were part numbers present on most of the parts, so
their identify is based on the type of part (e.g., spoiler. accoss door, ete.) and its location
on the aireralt,

Most of the punels were of honeycomb construction with tapered closcouts, A typical
example is shown in figure 43 and a sketch of a typical cross section is shown in figure 44,

~ Test specimens were fabricated from the metal-to-metal closeout nreas or any suituble metal-
to-metal faying surface where the bond still appeared to be in good condition. Stiffening
doublers of appropriate thicknesses were bonded to the selected moetal-to-metal areas, so
that specimens of the desired vontigurations could be cut from them, The test specimen’
contigurations ure shown in figure 43, '

Because of the poor condition and lack of much metalto-netal bonded areus on most of the
panels, not all the desired specimens vould be obtained, The wedge test conliguration took
priotity over the others because of its simplicity when only a fow test specimens could be
tabricated from a panel, Therelore, only the wedge tost vesults veprosent all o the panels
listed in table 18, oo :

“Durability test environments were 140° F/eondensing humidity Yor the 250°F curing AF 111

and FM 1232 adhesive systems and 160" Ffcondensing humidity tor the 380°F cuving 1M ol
adhesive, Wedge test, thick-udherend DCB, und thick-adherend lap-shear speciimens under

4

|
2
i
§

i
|
?




A

NI S Xt

IR e

Pep
uofleuiwe|3p JO UOedIpUL SNOINGO ON | Z-ECL W4 ya12 dd 10 Iy 7 A174 420p 1R0aso)d uosaly v53
uoneUIWe|3P JO UCKEJPUL SNOIAGO ON | Z-£21 N4 100p 1nAs seab bupue]
pepP abipa Bupen
UOIS0.109 PUB UOIIBUIWIEIIP 3WO0S 18 W4 4213 144 s1-pz0Z Guwa pseoqang 88-4
L9 W4 pep | € %6pe buen preoqing
spuoq Jood 40 UCl3eIIpUl SNOIAGO ON 19 W 423 44 €1-vzZoz 1 96po buinen pieogng G4
9 pue G S13j0ds Uaamlaq
pepR jsued buim saddn
spuoq Jood jo uonedipul snoiqo oN | LE L 4V Y2 44 £1-v20C [aued Buigy
UOJIBUILIEIBP SNOIAGO pepo soop 1502
OuU 1Nq ‘sease Ul Puoq 3JqeuUoHSIND LIl 3V yd19a 144 £1-vZ0Z a1 Gurms addn
Z 12ued Gum saddn
{ {aued 6uim s2ddn)
uoIS04407 pue pep 1481 age| $0 PIEGRINO
uofneulwe|ap sNOIAGO pey sjaued Ll 4V Yy Tdd4 % e 7 AUTA faued Gumw saddn) 54 5
SjuawWIUo) wasAs | uonesedasd Aoy uondiLasap 114 Ny
anisaypy 23e4ng _

sje1aq papuog 1esny 2104 #y—gl Jgel

S e,

B PR 4 AL A C M




B L R I e ST T I R TCIN e e e
o - RS . am e oA

e ————

sustained stresses were exposed to these environments. The sustained-stress level for lap-shear
specimens was 1500 psi. Climbing drum peel and thick-adherend lap-shear specimens for
residual bond strengths were conducted at room temperature.

Room-temperature climbing drum peel and thick-adherend lup-shear results are shown in
table 19. The peel results for AF 111 are variable, which is characteristic of AF 111, The
lowest strength of 42 in-Ib/in suggests a possible durability problem with the wing panel.
This was verified in the wedge test results where extensive crack extension occurred

(fig. 46a).

Table 19.~-Residual Room Temperature Peel and Shear Strength— i
Air Force Aircraft Bondments

“CMoat fallure

E. Peel Shear
P Adhesive strength?, strength?,
k. Aircraft Part description system in,-lb/in, psi
C141 | Upper wing panel outboard of AF 111 78 %420
g life raft
N Upper wing panel 1 AF 111 7 ©2186
;. Upper wing life raft door AF 11 144 £2240
k- Wing panel AF M 42 ‘2442 ;
i Upper wing access door AF 111 123 1730
i~ F-B Quthoard trailing edge 1 FM 61 12 1078 ;
: .__ Outboard trailing edge 2 FM 61 — 1960 L
)
;_' T.38 Qutboard wing trailing edge M 61 9 4766
3 ': CH5A | Aileron closcout door FM:232 | Y60 ©1920 2
- g . OSpectmen replication Is 1
18 YSpacimen replication Is 12

EM 61 typically has low metal-to-metal peel strengths, but the 9 and 12 in-lb/in values are
about hall of typical. The average peel of 60 for the FM 123:2 is normal tor this material.

Wedge test results for AF 111 bondments are shown in figures 466 and dob. The low dara-
bility results, figure d6b,correkite well with the panel condition since‘dislmml was evident,
The wedge test crack geowth arveu tailed adhesively, '

=g i

The results shown in tigure 460 do not correlite us well sinee the erach extensions of
spechinens rom the wing panel amd upper wing literatt door indicate that poor service per-
formanee could be expected. However, the panels had not yet disbonded in service.
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Specimens from the third panel (upper wing panei between S and 6 spoilers) showed marginal
but slow crack extension over the test period, which may show a correlation with its
satisfactory service performance to the time of panel removal. All specimens exlnbmd
adhesive failure in the test area.

Wedge test results for those details that were bonded with the FM 61 adhesive are shown in
figure 46¢. The one detail from the T-38 had evidence of delamination and corrosion in the
metal-to-metal bonded areas, and the wedge test specimens correlated well with the poor
bond durability in service. The two F-5 trailing edge details had no apparent bond service
problems, and the wedge test results showed a marked improvement in bond durability as
compared to the T-38 detail. This difterence must account for the differences in service
durability performance. The tailure modes in the Aa crack growth zone for the F-5 speci-
mens were adhesive, however -an undesirable condition. The relative inservice times for
these components are not known,

Wedge test results from a C-5A detail and a T-38 detail bonded with FM 123-2 adhesive are
shown in figure 46d. The C-SA detail appeared to have never been on an airplane and had no
bond delamination, whereas the T-38 detail had obviously been in service but had no bond
delamination. The wedge tcst results indicated that both details should have inadequate
service durability.,

Sustained-stress Jap-shear resuits for those details bonded with AF 111 and FM 6) adhesives
are shown in figure 47, A correlation between the as-received detail condition., wedge tost
resuits, and the results shown in figure 47 is not obvious, Large voids were present in the
specimen from the wing panel detail, possibly causing early failure of the Tap-shear specimen,
Only one specimen represents each of the aireraft details: therefore, there is no indication of
scatter for cach, Bused on the sustained-stress results presented in sections 3,2.1 and 3.4.1,
one would normally expect considerable scatter, In comparing the FM 61 adhesive sustained-
stress shear results to the vespective wedge test results, there seems to be a consistent trend;
however, the question ot seatter would be present here also, The fuilure mode would be

the best indicator. This was the situation Mth the tvsl vesults from the commercial airplane
(se¢, 3.7.1).

Thick-adherend DCB test vesults are shown in tble 20 The results are expressed in termns of
Gy, strain energy release vate. For the AF 111 adhesive, the initial erack tength varied con-
~ siderably, resulting in Gy initia! values between 18 and 1.7 in- Ib/in=, 1t seems to be o charay-
teristic of this adhesive system that a broud range of ('In values is produced. A value of 18
in=Ib/in= is near but less than Gy wheeeas 1,7 in-lb/in< Is ut or near the lower bounds of (’lz
Upon exposure to 140° F/condensing humidity, Gy dropped 1o relatively tow salues, consistent
- with the wedge tost results, The hege varkation in G Ty Y be in part o chavacteristic ol
AF 1L, as demonstrated in the vartable peel resulls shown in table 19,

- IXB specimens with FM 61 adhesive awin yivided results consistent with the detwil mudinon
and llw wedye tost results,
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Conclusions are as follows:

1. Conventional state-of-the-art tests (e.g., lap-shear, peel, porta-shear) do not predict

: ;;: service durability performance. :
. ’
! 2. The Mode I fracture tests (i.e., wedge test and DCB test) show a reasonable correlation :

‘ ;‘ between service panels that have delaminated interfacially (adhesive failure) and poor :
‘ test specimen exposure performance.

18 *
4 3. Sustained-stress lap-shear tests do not correlate well with the related aircraft detail and ’
i its service performance.
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4.0 PHASE IV, SPECIMENS FOR OUTDOOR EXPOSURE

The purpose of Phase [V was to use the information generated in this program to provide
test specimens representing the most durable bonded metal-to-metal and sandwich construc-
tion for Air Force use. These specimens are to be tested by the Air Force in long-term
outdoor testing at locations to be determined.

The materials and processes selected for the Phase 1V specimens and bonded panels are
shown in table 21.

i o i i

Table 21.—Materials and Processes for Phase 1V Specimens

Adherends Surface preparation Core material Adhesive/primer
2024-T3 bare Phosphoric acid anodize Phosphoric acid 250°F Cure
per Boeing process anodize and/or EA 9628/8R 127
specification BAC 5555 . Dura-Core/CR 1li core
350°F Cure
AF 143/EC 3917
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5.0 DISCUSSION

The preceding sections provided the experimental information for the various test methods
used in this program, the test results, an interpretation of the results, and conclusions based
on the specific tests, The following discussion is intended to make broader assessments and
to provide a means of tying together the significant results of the program.

5.1 STRESSED DURABILITY TEST METHODS

The primary objective of this program was to determine a sound method of evaluating
stressed durability of adhesively bonded structural materials. This objective was achieved,
but a single method is not sufficient to evaluate the relative durability pertormance of the
total system. At least two difterent types of test specimens are necessary to develop the
information needed to make a judgment concerning relative durabilitics of materials and
processes incorporated in 4 bonded joint,

Two basic loading modes were studied, Mode L and combined Mode | and Mode 11, cach

under a sustained or cyclic stress. Each loading mode measured difterent aspects of durability.
For example, combined Mode 1 and Mode Il toading (lap shear specimens) demonstrated a
significant difference in durability between the two 250°F cure adhesive systems, FM 123-2
and EA 9628, whereas Mode 1 loading results did not suggest this ditference. Both loading
modes did show a difference in durability behavior between the 250°F cure adhesive systems
and the 350°F cure adhesive systems.

The reasons for these difterences in loading mode dependent results are not clearly under-
stood. However, Mode | loading concentrates strains in o relitively small volume of adhesive,
This is compounded by the constraints placed on this volume when a thin low-modulus
material, the udhesive, is sandwiched between higher modulus materials, the aluminum,
Modve 1 loading emphasizes interfacial weaknesses by concentrating strains at that intertace,

Mode U loading spreads the strsdns over o much livger volume, which results in lower unit
straing, The use of combined loading modes, with Mode 1 as primary, is more characteristic
ol actual designs,

A warm, wet environment is common in aireralt seevice, This program verificd that testing
in warm, wet environments is mandatory (o assess environmental durability of the 250°F
cure systenms, The situation with the 35307F cure systems is not as clear, since generly those

*systems showed eaeellent durability in all o the tests,

Two envicommental intersctions need 1o be considered  the interface resction between the
aditesive-udheremd with the envivonment (e, adherend surfaee trearment intluence) and the
adhesive bulk property eifects, The interfiee weakness when subrected to steess aad water
has been fdentifled as o magor contributor to bonding problems experienced il service,
whereas environmental effects on adhesive bulk pr perties has now been a problem in cusremt
design applications,

e




Bulk properties of adhesives in this discussion relate primarily to their rheologocal properties.
For instance, an adhesive being cycled at a given strain level may experience viscoelastic
behavior in a dry environment, but may revert to viscous flow behavior when exposed to a
wet environment. The behavior of adhesives under a sustained or cyclic strain is time depen-
dent, and the critical behavior will relate to the time under a critical strain level as has been
shown by the creep-rupture-type failures observed in the stressed durability tests of lap shear
specimens. This means that the standard mechanical properties tests, e¢.g., lap shear and

peel, which are routinely conducted, will not be indicative of the stressed durability behavior
of that material.

For future applications, the durability aspects of adhesive bulk properties must be under-
stood, but not at the expense of understanding the adhesive/adherend interface durability
sufticiently. A much higher reliability factor of bonded joints is necessary for primary
structural applications, particularly when mechanical fasteners are eliminated as the alternate
load path,

For the maximum reliability of o bonded joint, it is preferable that the adhesive bulk
propertics be the controlling factor in determining the limitations of the joint, i.e., the
weakest link in the joint should be the adhesive rather than the adhesive/fadherend interface.
This is for the benefit of the designer, who should be able to use his design manual to select
the adhesive with those bulk propertics best suited for his needs without having to be con-

cerned with the etfects of surface preparation, oxide structure, and alloy on the bond dura-
bility of his design. The necessity to understand the durability aspects of the adhesive bulk
properties is obvious. The question remains, howcvcl as to what are the most realistic ways
to determine these propertics,

Cyclie loading is characteristic of service, and the cyelic loads imposed on specimens in this
program proved to be far more dimaging to the bond than the static loads. This was teue.
for both loading modes,

For combined Mode | and Mode 1 loading, the Bailure modes were the same tor steady-state
and the two slow eycles eviduated (10 and 0.8 ¢ph). The nature of the tailure (cohesive) and
the conditions under which they weee loaded (e, warm/wet enviconments), as well as being
under a sustained stress long enough for some amount of ¢reep detformation of the adhesive
to oceur, suggest the failure mechanism to be one of vreep-rupture. Water that has diltused
into the polymer mateix plastivizes it to the extent that relaxation under stress occurs as the
matris melecules slip past each other and in doing so causes some breakage ol o.ro»lmkamz
bonds, With c.uh cyele, more damage oceurs untid gross replure oecurs.,

The spevifie eyeliv load profile affects the amount of dinnage that oveurs with cach eyvele,
Work done by Bell Helicopter Company tee’, 30, deseribes their vationale Tor selecting the
eyelic load frequency of T howr loaded, 173 hour unboaded. Brietly., thels findings were that
it typieally takes longer for the adhesive 1o creep under foad than to selas when toad s
removed, Some ;ullw\zivcs reach ereep equilibrium auickly teg, 13 minates) and some regire
lorger times (e, 2 houes), One hour under doad was selected as i time element that would
chcompass most of the observed adhiesive ereep detlections. The shorter, anlwaded period
was estinblished using the sime criteria, since most relasation oveurs within o S-minute
period,
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By increasing the frequency to 10 cph, or 4 minutes loaded and 2 minutes unloaded, the
amount of damage per cycle was less, indicating that the amount of creep and/or relaxa-
tion was not sufficient to induce maximum damage. Had the specimens been presaturated
in their respective environments, it is quite possible that the damage per cycle would have
been greater. Stress level will also affect the degree of damage, and there should be a thres-
hold stress for any temperature/humidity condition below which no damage would occur
during a loading cycle.

Another important factor to be considered is tie rate at which load is applied and removed.
For instance, a cycle for pressurization of a fuselage would take several minutes and a similar
time period to depressurize. The effect of load application rate was not evaluated in this
program.

The high-frequency load cycle, 1800 ¢pm, caused failures to oceur in a manner different
than the two slow frequencies. Whereas the slow-frequency failure modes suggested a creep-
rupture-type faiture, the 1800-cpm cycle failure modes suggested a tatigue crack propagation
mechanism. The crack initiated at the load transter edge and propagated at a 45° angle
through the bondline until it was stopped by the higher modulus surtaces on the opposite
side (fig. 26). Subsequent propagation was at or near the primer-adhesive interface, and
fatigue striations appeared to be present, This crack growth behavior appears analogous to
Stage L and Stage H fatigue crack propagation in aluminum alloys.

The 1800-cpm loading rate apparently does not allow the creep-relaxation phenomenon to
oceur, thereby not allowing a creep-rupture faiture to take place. This indicates that the
environmental aspects are dominating for the slow load frequencies and that mechanical
aspects of tatigue dominate the fast loading frequency,

Test conditions that could have enhanced the mechanical fatigue aspeet were (1) stress levels
were much higher for 1800-cpm tests € 2200 to 3300 psi vs 1500 psi maximum for the slow
cyclesy and () water absorption into the adhesive matrix was probably not signiticant
because of the very short test periods involved te.g., 1 1o 2 davs), not allowing the same
degree of plastivization to oceur as with the slow cyvele tests, Future tests of this type

should include presoaking the specimens 4 to 6 months in the respective environments.

Mode 1 eyelie toading caused ceacks to grow within the bondlines at much lower loads than
under neneyelic conditions, The slow Bell eyele resulted in faster erack growth rates than
did the intermediate CHO-cpm) and the fast (1RO0-cpm) eveles. Fallure modes for all thiee
Frequencies were 1004 cohesive in the center of the bond, “These specimens were not
presouked in the respective test environment,

A threshold, Gy | WS extablished at the 180D-cpm frequeney, which was about one-tenth
ol that obsersed for noneyclie conditions: Gpppp is the point ar which o crack will no tonger
grow, This point was not established at the slower frequencies because of the short test
duration. Further work should be carvied out to establish Gpppg tor the slow cyeles as well
us for ditterent udhesive systems (2., the more brittle 350°F cure systenw).
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This same effect occurs in metals such as aluminum. Mostovoy showed a comparison of
da/dN vs A Gy results for other commercial adhesives bonded to aluminum to da/dN vs A Kj
results for aluminum alloys by converting AGy of the adhesives to AKj by using the

relationship:
AKj =\/KGTE'
where E is the elastic modulus for aluminum, psi x 108,

This comparison showed that the fatigue resistance of adhesives in a joint is comparable to
that of aluminum alloys at low values of da/dN. A similar comparison is shown in figure 48
-where the nominal range of da/dN vs AK] for the aluminum alloys presented in Mostovoy's
work (ref. 4) is plotted as da/dN vs AG| and compared to the room-temperature da/dN vs

A Gy results for those bonded specimens tested in this program. Also on the same plot are
data from Hartman, et al.; Wei, et al.:and Hyatt (ref. 5), where AK| was converted to AG|
using the relationship described above,

The establishment of Gy for bonded joints is important because it should be possible to
relate this parameter to the fracture characteristics of combined Mode 1 and Mode I loading.
The existence of this threshold point in Mode 1 loading suggests that if the Mode I load

was less than Gypy, then a tlaw would never grow. This also suggests that there should be a
Mode It threshold or Gy for cyclic loading. However, as previously mentioned, most
typical bond joints are cccentrically loaded and have combined Mode [ and Mode 11 loads.
The combined effect of Modes Land 11 may result in thresholds that are different than they
are by themselves; e.g., Gy possibly could be less when in the presence of Gy shear, This
is an arca that warrants further rescarch since it could lead to some practical design
considerations,

5.2 LONG-TERM ENVIRONMENTAL EFFECTS

Exposures greater than 6 months are necessary to evaluate bond durability. Both the stressed
and corrosion aspects of durability are time dependent. Stressed durability evaduations
tequire time for moisture diffusion and stress relaxation to ococur. Corrosion is time
dependent both in initiation and progression of the corrosion reaction. Attempts to reduge
tost time by using high stress levels and/or testing in more aggrossive envitonments often
produce misleuding information,

5.3 STRESSED DURABILITY OF CLAD AND BARE ALLOYS

The adherend plays a role in two basically dittorent types ol durability, (Thuese iee inde-
pendent of the adhesive phsical propertis when characterized by cohesive tailures,) One
type is the adhesive Biilure phenomenon that oecurs anly in the presence of combined stress
and water (partivuluely under Mode Floading), This phenomenon is an interaction between
the adhwsive primer and the adberend sirtace tor within this imterfaeial cone), which isa
function of the adherend surtiice physival and chemieal structure and the physical and clweme
il chaveteristios of the idhesive primer, Atter dekimination by this mechinism, eeeviee
oraasion will oceur to varving degrees depending on the enviconmental conditions, The
sevond type is crevice corrosion, which is independent ol stress,
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Crevice corrosion initiated by clad dissolution was obvious in the salt spray tests where all
the bonds to cladding experienced bondline corrosion. The cut edges of all the test speci-
mens in the program were unprotected; i.e., the cross-section of the composite bond was
directly exposed to ihe diftferent environments, thereby accelerating the initiation of
corrosion. The presence of the salt electrolyte sets up a galvanic cell due to a difference in
EMF between the cladding and the core alloy. These AE differences for 7075 and 2024
alloys are listed in table 22, Even though the absolute values are different and may also be
signiticant, it is the AE between the clad and core which provides the driving force. Once
the cell is set up and corrosion proceeds into the bondline, a complex crevice corrosion
mechanism continues the corrosion reaction. Very little ¢orrosion was evident on the bare
alloys, occurring mostly with FPL etch (70735), less with chromic acid anodize, and virtually
none with phosphoric acid anodize. Swrface treatment also affected the degree of clad
corrosion in the same order.

Table 22.—Comparisons of Potential Differences
Between Cladding and Core for 2024 and 7075

Sheet
Solution potential Potential aifference thickness,
Alloy cladding, mV Cladding/cote, mV in,
2024-T3 RS : (411 e 100 0.040
7075-T6 -920 100 0.125

The second corrosion phenomenon occurred in the bondlines of both clad and bare alloys
e, 7075 and 2024) in 140° and 160°F/condensing humidity environments., almost entirely
with FM 123-2 adhesive in the hondline, The appearance of the crevice corrosion was that

ol filiform corrosion (a worm-like path, figs, 12 and 17) which is commonly observed under
paint fibms, Again, surface treatment influenced the rate of progrossion, with the FPL-
etehed surlaces producing the most corrosion and phosphoric-acid-anodized surtaces the least,

To ook at the problem ol bondline corrosion vealisticaily. several questions need to be
answered:

Lo Under what conditions can the bondline edge be adeguately protectad; v, paint and/or
svalant?

2. Where fastencr holes are present through the bondhine, how susceptible is the stricture
to bondline corrosion and what means are available to minhmiee or eliminate the
problem?

3 What environments may be encountered under what application conditions?

This is wit arva where more work has to be doie so proper jidgiments can be made.

Many bonds have been made to clad suttoges with lmdline edges painted, and with rivets
through the bondlioes. Only @ simall pereentage of these bolds have delaminated in service,
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5.4 INSERVICE BEHAVIOR AND STRESSED DURABILITY TEST CORRELATIONS

The most significant aspect about inservice disbonds is that almost all the failures have been
a delamination of the joint at the adhesive/adherend interface. This is also true of honey-
comb disbonds, but adhesive failure to the core also occurs. Very rarely is there a failure

of the adhesive itself (i.e., a cohesive failure with adhesive on both adherend surfaces) except
as .n aftereffect when the remaining bond cannot take the load.

This is a significant point to make, because in this program FM 123-2 exhibited the lowest
stressed durability of the four systems tested. FM 123-2 and other similar 250° F cure
systems have been used extensively in commercial and military aircraft without significant
problems relating to the durability of the adhesive,

With the current design philosophy and applications. these materials have worked adequately;
however, with more emphasis on making bonded joints more efficient (e.g., tewer fasteners,
or none) and having the adhesive work at higher stress levels, the element of bond reliability
becomes more critical. The use of the new technology adhesives (which include EA 9628
and several other vendors' materials) with improved stress/durability therefore reduces the
environmental durability risk.

The inservice behavior of adhesively bonded aircraft assemblies correlated very well with the
Mode 1 loading stressed durability tests, particularly for the commercial aireraft assemblies,
Perhaps a better correlation could have been made relating to the military aircraft structures
had more metal-to-metal bonded arcas been available, since most of the structures were of
sandwich construction, The Mode | durability test (wedge test specimens and thick DCB
specimens) was the only method that eftectively demonstrated the correlation, because the
inservice problems are primarily adhesive/adherend surface interface oriented.

5.5 OPTIMUM TEMPERATURE FOR STRESSED DURABILITY TESTS

An optimum temperature or environment for adhesive durability testing is ditticult to deter-
mine. Much would depend on the application and type of adhesive, Subsonic airerait would
not genceally experience temperature above 160°F except around engines and on camou-
flaged military aiecratt, which can approach 200°F, A military supersonic fighter will
periodically see temperatures greater than 200°F, Al these aiveralt can see a varicty of
cuvironmental conditions just sitting on the runway, '

Elevated twemperatures aftect the physical propertios of polymers, imd the temperature at
which a polymer starts losing most o its steength is the glass transition temperature, I¢;.

The presence of water will reduce the Tgg. For instunce, water will plasticize u typical 280°F
cure material to lower the ey from approsinutely 2007 to 210°F to approximately 160"

to 178°F, Theretore, it one tested this material at 160°F in o wet enviconment, its durability
performance woukd be low, Another vendor's product with a stightly higher Tg; twet) could
show signilicantly better duvability. The selection of 140”7 E/condensing Tiamidity for testing
of 2507 F cure adbiesives in this programt nay he near the ey twet) for some adhesives, but

it s telt that this is a realistiv temperatiee tovel in teems ot possible service exposuee.
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Higher temperature cure adhesives are typically intended for higher temperature service.

The T (wet) of a typical 350°F cure epoxy would be about 250° to 300°F, thereby
implying good durability performance below these temperatures. The question remains as to
what would be the optimum test environment for a 350°F cure adhesive—a high dry tempera-
ture or a lower wet temperature. A lower wet temperature may be the most severe for long-
term durability tests for two reasons. (1) water still has a plasticizing effect on the polymer
and while under stress the water may still induce some creep within the polymer matrix,
thereby breaking molecular bonds, and (2) the presence ot water over long exposure periods
will enhance any bondline corrosion effects. Consequently, the selection of 160°F/condensing
humidity environment represents an environment that is more severe than the 140°F
environment, but more work should be conducted to better define optimum test environ-
ment for higher temperature cure adhesives.

5.6 DOCUMENTING TEST METHODS

A test method using the thin-adherend DCB specimen (wedge test specimen) has been written
up in ASTM test method format (app. C). This test method has considerable background
within The Boeing Company and elsewhere, and the tests conducted in this program further
confirmed the method. It has been particularly usetul in ranking surface treatment processes,
for evaluating polymer interactions with the adherend surfaces, for investigating bondlinc
crevice corrosion, and as a process control specimen,

No attempt was made to document the other test methods used in this program because of
the tack of definitions of test parameters and details such as test specimen configurations,
environments, and cyclic load profile,

The best test method tor stressed lap-shear durability testing would include cyclic loading,
with the Bell cycle being the most desirable load profile at this time, Several factors should
be resolved, however, before preparing a recommended test procedure. These would include:
(1) the rate of loading and unloading specimens, (2) detinition of the optimum test environ-

ment for different generic adhesive types, and (3) definition of an optimum specimen con-
figuration (i.0., thinner adherends may be more applicable,

The thick-adherend DCB specimen has had considerable use in characterizing adhesive frac-
ture toughness, but in a noncyclic stressed condition. This is now a recommended ASTM

- test method, reference 6. The results of cyelic test indicate that more work has to be

done to understand the fracture charactoristics of adhesives in hondlines, A variant of the
DCB specimen used by Mostovoy (ref’, 4) may be more usetful in establishing Gy para-
meters particularly for very slow cyclic frequencies,

The thick-adherena SCB specimen tor honeycomb bond durability is also a promising test
method; however, the specimen configuration, as well as the test conditions, needs more
study.
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5.7 GENERAL DISCUSSION
5.7.1 DURABILITY OF HONEYCOMB SANDWICH CONSTRUCTION

The durability performance of honeycomb sandwich construction is 4 function of both the
face sheet and honeycomb core. The bond durability with respect to the face sheet is the
same as in metal-to-metal bonds. The bond to the core, however, is strongly dependent on
the filleting action of the adhesive and the durability of that bond with respect to the core
surface. If no filleting occurs, then mechanical pullout of the core may occur at low stresses.
In addition to the fillet geometry/core interaction, it is possible for a weak interface to exist
between the core and fillet bond. In this case, stressed environmental durability will be low,
regardless of fillet height.

Three distinct levels of core-to-fillet bond durability were observed, which were related to
the three areas of core technology. The older technology, standard core, performed poorly.
The current technology cores, Dura-Core and CR 111 core, showed a marked improvement,
and the phosphoric acid anodize surface treatment applied to the core added another level
of durability improvement.

Moisture migration into cells was evident with both older and current technology cores. This
was measurable with the EA 9628 adhesive because of color changes. FM 123-2 does not
change color with moisture exposure; therefore, moisture ingress could not be assessed. The
combinations of phosphoric-acid-anodized core with all three adhesives and current techno-
logy cores with AF 143 did not exhibit moisture ingression into bonded cells (standard core
was not evaluated with AF 143),

Perhaps a better environmental ex posure would be a ground-air-ground (GAG) cycle (e.g..
the Weber chamber), which would provide a ¢yclic pressure differential for the pumping
action which is probably most damaging to sandwich structure in service, This environment
would be applicable only to sandwich structure because of the ditferentinl pressure between
the cell void and the outside. Metal-to-metal bonds would not respond to this pumping
action since diffusion is the primary driving force,

More work should be done in this area with the SCB specimen, Further refinement of the

test method is necessary in order to obtain the maximuin amount of usetul information from
the test; e.g., introducing cyclic loading. Also, further refinement of the specimen configura-
tion would be worthwhile, particularly to reduce the mass it GAG testing is to be condueted,

5§.7.2 CORROSION-INHIBITING ADHESIVE PRIMERS

Corrosion-inhibiting adhesive primers (CLAPY provide benefits from both manutacturing and
durability standpoints. CLAP is beneficial to durability in those cases where non-CIAP results
in poor stressed durability of the adherend/udhesive interface, However, it applied toa
poorly treated surface, it will not prevent delamination 1esulting from styess and water.
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Non-chromate-containing curing primers can probably be developed which would be superior
to the current CIAP primers in terms of bond durability. Primer development with this con-
cept in mind should be encouraged. :

5.7.3 ADHEREND SURFACES

The role that adherend surfaces play in the durability of the total bonded joint cannot be
overemphasized. The polymer bond to the surface oxide must provide good adhesion and
stress durability, In addition, the oxide must be cohesively strong enough for the applied
loads. The oxides formed on aluminum can vary considerably depending on the conditions
under which they are formed. In this program the anodic oxides gave the best durability
results with the phosphoric-acid-anodized surfaces rating highest.

The improved stressed durability performance of anodic oxides is probably related to the
specific structures of the oxide; i.e., highly porous, great surface area, high surface activity,
and high cohesive strength. However, formation of the oxide structure desirable for bonding
is influenced by the alloy composition. Cladding will form an oxide structure which differs
from that formed by the bare alloy. Therefore, it is important that the means of forming
the proper oxide structures be compatible with the variety of alloys used for bonding.

5.7.4 ADHESIVES

The two 350°F cure adhesives studied consistently performed better in the stressed durability
tests than did either of the 250°F cure systems. This improved performance does not
necessarily mean that these systems are the best choice for bonding. The brittle nature of

the 350°F cure systems creates a question as to their ability to contain a crack under Mode |
loading conditions, The PL 728 primer showed a variable brittle behavior on the anodized
surfaces. The reason is not known, but it was an interaction between oxide structure and
primer with failures oriented in the primer,

Further investigation Into the brittle behavior of these 350°F cure adhesives is necessary to
understand the significance in terms of real applications. The application of cyelic Mode |
loads and combined Mode 1 and Mode 11 ¢yclic loading at low and high frequencies and
several wet and dry environments would be appropriate for comparison with the 250°F cure
systems,
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6.0 CONCLUSIONS

Specific conclusions relating to individual tasks have been presented in section 3.0 with the
test results. The following conclusions are of a more general nature and consider the overall

results of the program.

!‘J

6.1 STRESSED DURABILITY TEST METHODS

Sound methods of evaluating stressed durability of adhesively bonded structural

‘materials were established, Two basically different test specimens are required: (1)a

specimen that includes Mode 1 and Mode 1l loading (e.g., the lap-shear specimen for
metal-to-metal bonds or the SCB specimen for metal-honeycomb) and (2) a specimen
that includes only Mode 1 loading (e.g., the wedge test or DCB test). In addition,
testing must be accomplished v 1der appropriate environmental conditions, which
include elevated temperature and the presence of water.

The lapshear specimen is capable of rating the stressed environmental durability per-
formance of adhesives by comparison of the times to failure,

The thick-adherend DCB and wedge test specimens are capable of evaluating the
influence of interface variables on stressed environmental duzability.

The thick-adherend DCB specimen is capable of establishing the critical threshold crack
containment capabilities of adhesives under ¢yclic loads,

Cyclic loading of bonded joints in Mode I or combined Mode 1 and Mode 11 is more
damaging to the bond than is static loading. The slow Bell eycle (1 hour stressed, 1/4
hour unstressed) was more damaging per cycle than the intermediate and fast cycles

(10 ¢ph and 1800 cpm).

The thick-adherend SCB specimen is capable of wa!uatim, the relative stress durabilitics
ol the core bond in sandwich structure,

The older technology standard core provides poor adhesive fillet-to-core bond durability
with the 250°F cure adhesive, EA 9628, Newer technology cores (vg., Dura-Core

-and CR T core) are a major step forward in providing durable core bonds, There is
still room for improved core bond durability (e.g., phosphoriwmd-anodlwd surmws

coated with a bondable organic).

6.2 LONG-TERM ENVIRONMENTAL EFFECTS

Exposures greater than 6 months are necessary for highconfidence durability evaluations of
bonded Joints, This is because failure times are long at low stress levels, and the secomdary
corrosion interactions that may oceur in the bondliucs require long exposure times for the

ellects to be evident,
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6.3 STRESSED DURABILITY OF CLAD AND BARE ALLOYS

1. The presence of cladding in bondlines promotes bondline crevice corrosion in corrosive
environments, particularly if the edge of the bondline is unprotected.

2. The corrosion mechanism is independent of the stressed durability characteristics of
: the joint and can occur regardless of the adhesive system and adberend surface treat-
; ments involved. However, the adhesive system and the adherend surface treatment do
! affect the initiation and rate of corrosion.

e e it o 1t 53

3. Ingeneral, the alloy, clad or bare, has little influence on the stressed durability perform-
ance of the bonded joint when the optimum adhesive primer/adherend surface treat-
ment is used. However, the alloy does control the oxide formation mechanism/surface
preparation interaction.

6.4 INSERVICE BEHAVIOR AND STRESSED DURABILITY TEST CORRELATIONS
1. With Mode | loading (DCB specimens), a correlation was shown to exist between in-

service behavior of adhesively bonded aircraft assemblies and stressed durability testing ;
where assembly disbond in service correlated with poor wedge test performance. .

2. Traditional test methods (e.g., lap-shéar and peel) do not predict inservice durability
performance.

3. Sustained-stress lap-shear durability tests also do not correlate with inservice
performance,

6.5 OPTIMUM TEMPERATURE FOR STRESSED DURABILITY TESTS

The optimum temperature for perlorming stressed durability tests of all structural acrospace
adhesives has not been defined. A realistic environment for testing of 250°F cure adhesive
systems was established as 140°F/condensing humidity. An appropriate test environment
for 350°F cure adhesives was not clearly established and requires additional evaluation.

Grctsiok K POIMTT i i bt BN

6.6 DOCUMENTING TEST METHODS - I

1. The wadge test specimen has demonstrated a discriminating capability in durability
testing, The tost method fas been written in the ASTM test method format and
submitted to ASTM for consideration (app. C}. :

2, “Test methods using the thick-adherend tap-shear SCB specimens were not sulficiently - ' Cu
‘ evaluatod to warrant writing ASTM tost procedutes at this time.,

3. The thick-adherend DCB specimon is now deseribed as a recommended ASTM test A 3
method, but this test methed does not include cavironmental testing nor cyclic lfoad
testing, Cyclic load testing of DCB specimens is not e-ullidcmly detined to write an
ASTM u.sl procedure at this time,
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6.7 GENERAL CONCLUSIONS
The more brittle 350°F cure and modified epoxy adhesives consistently demonstrated
superior environmental durability at 160°F/100% RH over the 250°F cure modified
epoxies at 140°F/100% RH.

The new technology 250°F cure modified epoxy demonstrated improved stressed dura-
bility compared to the oider technology 250°F cure adhesive.

Of the three surface treatments evaluated, phosphoric ucid anodizing showed the best
overall performance,

Durability tests should be conducted to verify the stressed durability performance of
any untested adherend/adhesive/primer/surface preparation svstem,

CI1AP primer (BR 127) in the bondline improved the stressed durability of wedge test
specimens compared to a non-CIAP primer (BR 123).

CIAP primer did not prevent crevice corrosion in the bondline.

There was no evidence that phospheric acid anodized surfaces influenced the fatigue
behavior ot lap shear and DCB specimens, However, there was some evidence thai
chromic acid anodized surfaces did influence the fatigue behavior of both specimen
types. When tested at 1800 cpm, some lap shear and DCB specimens with chromic acid
anodized surfaces exhibited decreases in fatigue performance, apparently as a result of
oxide-initiated failures.
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7.0 RECOMMENDATIONS

7.1 STRESSED DURABILITY TEST METHODS

Continue the evaluation of the lap-shear and the SCB sandwich specimens for stressed

durability testing to the point that proposed test methods in ASTM format can be
prepared.

Further refine the lap-shear specimen configuration, particularly the adherend thickness.

The thick adherends as described in this report may not be the optimum for fabricating

and testing large numbers of specimens. Adherends of 0.125 in. or less should be
evaluated.

Adopt the slow Bell cycle, 1 hour stressed and 1/4 hour unstressed, as a baseline {re-
quency for cyclic stress durability testing of lapshear specimens.

Conduct a program to study the involvement of Mode [ loading in bonded joints and
its interaction with Mode 11 shear loads, and to identify Gypp and Gy for several
types of adhesives and loading frequencies,

Continue cyclic stress durability tests of lap-shear and DCB specimens, assessing the
effects of preconditioning the specimens in water prior to test and the effect of strain
rate.

Further refine the SCB test method for honeycomb core bond durability with emphasis
placed on specimen configuration, testing in a cyclic humidity and ¢yclic pressure
environment, and testing under cyclic loading,

7.2 STRESSED DURABILITY OF CLAD AND BARE ALLOYS

Further assess the effects of cladding in bondlines when exposed to various environ-
ments to define conditions when clad could be used and when clad in the bondline
should be prohibited.

Include protection of the cut edges using common fiaishing practices and the applica-
tion of new technology adhesives, primers, s surthee prepasations, as well as an
examination ol the efiect ol lasteners through bondlines,

Evaluate difforent chad alloys, as well us the effeet of heat treatments, eg,, 2024-13
clad vs 2024-T8) clad, . _
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GLOSSARY

Adhesive failure: the failure mode where separation occurs at the interface between the
adhesive primer and oxide (adherend surface).

Adhesive bulk properties: the mechanical and physical properties of adhesives that define
their performance.

Adhesive/primer system: the combination of an adhesive and adhesive primer used in a
bonded joint.

Bonded system: the composite bonded joint which consists of metal alloy adherend, metal
oxide produced in the surface preparation step, adhesive primer, and adhesive.

Bondments: aiuminum details joined together by adhesive bonding, e.g., test specimens,
aircraft structure, ete.

Cohesive failure: the failure mode where separation occurs within the adhesive matrix
(center of bond),

Posttest zone: the arca of bond fracture produced after test termination by opening the
speciinens for inspection,

Pretest zone: the area of bond fracture produced prior to any test or environmental expos-
ure, especially on double cantilever beam (DCB) specimens and single cantilever beam (SCB)
specimens. This aroa is also known as the precracked area.

Rheology: the science teeating the deformation and tlow of matter,

Test zone: the area of bond fracture produced as a result of environmental exposure,
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Figure 1.—Loading Modes Possible in Bonded Materials

Notch cut 1o facilitate clevices and to improve axial loading

Approx 1in,

/‘ Dry mill overlap notch

—

t-0.1’5 in, 0.5 in. 0.218 in,

1.0 in,

Figure 2—Thick-Adherend Machined Lap-Shear Specimen




{a) Laminated Beam
{for Clad Alloys)

{b) Solld Beam
{for Bare Alloys)

Figure 3.~Thick-Adherend DCB Specimens
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Rough cut specimens,
then dry mill to
dimensions shown below

Separator
Sheet

1to2in.

(c) Typical DCB Spacimen Bonded Assembly

1/4, 28 loading bolt 0.5in.

——'— 1in, Static
0.6 in, load
[} t specimen
rl in
14 in, >
e Cyclic
’ toad

L

.f’ spacimen
1/&:in, hole

(d) Details of Thick-Adhersnd DCB Specimans

Figure 3.~(Concluded)




FEP separator film or omit
adhesive (optional)

e § i, £0.125
‘ -ul r— 0.125 in. nominal

6in.

N

T T 117
Z]rl I

0.75in.
nominal

—]

Adhesive

o 1.00%
0.125 in,

Trim

Teim Cut five 1-in.
wide specimens

1in, £0.03 in,

- -~ r— 0.125 in, nominal

|

1in, £0.03 in, =

1/8 in, 'L

Aluminum or t— 0.25in, £0.03 in,
stainless steel
wedge

1/8 in,

’L._

Figure 4.—Thin-Adherend DCB Specimen (Wedye Test)
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0.5-in. cleaving face sheet
{2024-T3 bare)
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(a} Stressed SCB Specimen

1/4, 28 bolts installed on
0.5-in, centers

0.25 cell, 7.9 Ib/cu ft S,;;ﬁf;"n. face
core, 5/8-in, call height - 02473 bare)

AL

]‘ e H‘ nm
L 3.0in,

o s 14

14.0in,

Notes: 1. Opposite end of spacimen identical
2. Specimens saw cut from bonded panets 14 x >3 in,

(b) Datails of SCB Specimen Configuration
Figure 5.~Thick-Adherend SCB Specimen

L ¢
- ) 7

oY




R S BRI SOLNGTs Kb e % ey Ao el s s

:

Eigure 7~Environmental Expusure Chamber for 140° F/Condensing Humidity, Showing Arrangement
of DCB and Stressed Lap-Shear Specimens
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7075-T6 clad

202413 bare

ST R AN

1600 pst

900 psi
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Adhasive Systein: FAM 123-2/8R 127

Figure 8.~Typical Thick-Adherend Lap-Shear Specimen Fajlures for

Sustained-Stress Tests Exposed to 140° F/Condensing Humidity
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10 ~—-= Phosphoric acid anodize

0 20 40 60 80 100 120 140 160
Exgosure to 140°F/condensing humidity, days

i {b) FM 123.2/8R 127, 2024-T3 bare

Figure 9~DCB Specimen Exposure Results




—— FPL etch
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10 —=~ Phosphoric acid anadize
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Figure 9.~{Continued)}
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Figure 9.~{Continued)
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Figure 9.~(Continued)
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Figure 9.~(Continued)
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7076-T6 bare
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M 202473 bare

2024-T3 clad

L Phosphoric acid
anodize
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¢! 7075-T6 bare

e 2024-T3 bare
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neinniemete Crack growth

Chromic acid
anodize

FPL etch

{s) With 20 Weeks' Exposure to 140 F/Condensing Humidity

Figure 10.~Opened DC8 Specimens Bunded with PL 7293/PL 728
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2024-T3 clad
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Chromic acid
anodize
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)

7076-T6 bare

7075-T6 clad
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202473 bare
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oo Cravk growth
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Figure 11.~Opened DCB Specimens Bonded With AF 143/EC 3917 System
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Figure 1).~{Concluded)
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7076-T6 clad-
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Figure 12.~Opensd DCB Specimens Bonded With FM 123.2/8R 127 System
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Figure 13.~Opened DCB S’pgcimens Bonded With EA 9628/8R 127 sy;wm
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 Figure 13.~{Concluded)
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Figure 17.~Tynical Failure Modas and Filiform Corrosion in Bondlines of DCB
Specimens Comparing CIAP and non-CIAP Primers After 82 Woeks
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Figure 18.~Influence of Honeycomb Core and Face Sheet Surface Treatments
on Environmental Durability
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E Test zones Face sheet Test core Core-to-fillet failure mode

Pretest 0% adhesive failure
; Test 2% adhesive failure
Posttest 0% adhaesive failure
Test 2% adhesive failure
Pretest 0% adhesive failure
(a) Phosphoric Acid Anodize Core and 2024-T3 Bare Face Sheet
Tost zones Face sheet Tost core Core-to-fillet faiture mode
Pretest 0% adhusive failure
Tust 10% - 20% adhasive failure
Posttest 0% adhesive fallure
Tust 10% - 20% udhusive falure
Pratost 0% adhusive fullure

{L) Phosphoric Acid Anodite Core, Clvomic Add Anodize 2024-T3 Gare Face Sheet

Figure 19.—Failure Modes in the Protest, Test, and Posttest Areas of SCB Specimens
‘ Bunded with EA 9628 and Expused to 140° F /Condensing Humidity
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Machined notch

Direction
of fracture e Aluminum
- - -] b Aluminum oxide
— Adhesive primer
Adhesive
Failure at/near
primer-adhesive
interface
(a) Side View of “Typical” Failure
Direction
of fracture
g praveenie.
e
\)\\ Failure of primer-
) oxide interface
or in oxide
(b) Side View of ““Adhesive” Failure
- Test ovarlap aren > “* TO 5pecimen NG eessesspe
Areq of \
i fast
Dirogtmn crack . 7
of fracture Fingarnall shaped
growth
" aveas of stow
- crack growth

(e) Yop View of Fractury Surfaces

Figure 26.~Failure Mode Characteristics of Thick Adherend Lap Shear Specimens
Tested at 1800 ¢cpm, R =0.00.,
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Figure 32,—Frarture Appearances From Cyclic Loading of DCB Specimens
EA 9628/8R 127 Adhusive Primer Systom.
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Figure 34,—~Specimen Configuration for Commercial Aircraft A
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Figure 35~Specimen Configuration for Commercial Aircraft 8
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Figure 36.~Specimen Configuration for Commercial Aircraft ¢
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A AF 126/EC 2320, 2024-T3 clad
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B I Environment: 140°F/condensing humidity
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Figure 38 —Sustained - Stross Lap-Shear Results of Speeimens
Machined Fram Aircralt A and B Compuonents
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Crack length, in,

\— Aircraft C (poor service performance)

/— Aircraft D {good service performance)
e mca= FM 123-2/BR 123,

. 2024-T3 clad

Environment: 120°F/condensing humidity

| L | I\I | |
8 12 16 70 72

Exposure to 120°F /condensing humidity, days

g .

Figure 41.—Wedge Test Results of Specimens Machined From Aircraft C and D Components
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Fiyure 2.—Typical Wedge Test and Pee! Test Specinwns From Aircraft C
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Figure 45.~Confiyurations of Specimens Fabricated From Air Forea Aireralt Details




Crack {ength, in.

Crack length, in.

AF 111 adhesive bonds

—— Wing panel! (three specimens)

---- Upper wing panel between 5 and 6
spoilers {one specimen)

—-— Upper wing life raft door
(three specimens)

1 b
Note: Ali failure modes adhesive
0 ! b I ! ! [ |
4 8 12 16 20 24 28
Exposure to 140°F/condensing humidity, weeks
{a) C-141 Bonded Panels Which Were Not Obviously Delaminated
6 o
'l
o AF 111 adhesive honds
¢
o" — Upper wing panel outboard of tife
b o raft {two spacimans)
,_..-"‘ === Uppor wing panel, no. 1 {one specimen)
~ === Upper wing panel, no, 2 {two specimens)
4l

3 -
‘/
L~
2 b
1 . .
Notw: All failure modes adhesive

i J N L i | J

0 4 B 1 16 20 24 78

Exposure to MogFlcumlcnsiuu humhdity, weeks
{b) C-141 Bundad Delaminated Panals
Figure 36.~Wedye Test Results of Specimens Machined From Air Force Aircraft
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A

Crack length, in.

Crack tength, in.

5 FM 61 adhesive bonds
—— T-38 outboard wing trailing edge

(three specimens}, delaminated
4+ —==F-5 outboard wing trailing edge no. 1

(three specimens), no delamination

=-— F.5 ogutboard wing trailing edge no, 2

{three specimens), no delamination

3H e
e S
,/
2 —
1 - . .
Note: All failure modes adhesive
1 ] i | | 1 |
0 4 8 12 16 20 24 28
Exposure to 160°F /condensing humidity, weeks
{c) T-38 and F-5 Bonded Panels
FM 123-2 adhesive bonds
- T-38 landing gear strut door

(five specimens), no delamination
4+ === C-5A sileron closgout door

{four specimens), no delamination
3 /
2 -
'

Note: All failure modes adhosive
1 | i \ | i !

0 4 8 12 16 20 24 20

Exposure to 140°F fcondensing humidity, woeks

(d) V-38 and CH5A Bonded Panels

Figure 46.—(Concluded)




20

E

S

1
i 15

:h’!

:
10

Days to faiture

Sustained stress: 1500 psi

r [
70% Adh
— [[1 - 65%Adh B
e -
20% adh
80% Adh Voids 65% adh "T
s B
e o
55% Adh
- g g g
g ) M % %
3 & = Y o & =
o © o 8 - £ 2 g
£ q £ o 2 > ‘B ‘3
3 = H © 8 o 2 2
s | s o s % 3
Q © [ - <]
g 3 & & E 3 ER 2 g 8 :
- I - - s gl 38| 3¢
= & Tz = 3 TEl w & | w &
O ° 2 3 %) [N w e w ¥
A‘ ‘3‘ Cﬁ A‘ C.
AF 111 adhasive FM 61 adhasive
140" F/eondensing humidity 160" Fleondensing humigdity

* Visual assessment of awcealt part condition:

A = poor bond, B * questionabie band, € * good bond

Figure 37.~Sustained-Stress Thick-Adhevend Lap-Shear Time-to-Failure Results
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1073

da/dN, in/cycle

108

Upper range of data for 1800-cpm tests at 75°F

Lower range of data for 1800-cpm tests at 140°F

Center of Hartman et al,
and Wei et al. data for
7075-T6 at R = Q, distilled
water, 0.4 and 5 ¢ps
{from Hyatt et al, ref, 5)

Center of Mostovoy et al.
tor aluminum {ret. 4)

-

1.0

AGl. w-lohnd 7

10

20

Figure 48~Comparison of Bonded Aluminum Fatigue Crack Growth Data With Published Data for
Fatiguo Crack Growth in Aluminum Alloys
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APPENDIX A
NONDESTRUCTIVE INSPECTION (NDI) OF BONDED TEST ASSEMBLIES

e e et ks £ i,

All bonded test assemblies fabricated for this program were nondestructively inspected (NDI)
before fabricating test coupons. Ultrasonic through-transmission inspection with single-

level and/or multilevel C-scan recording and low-voltage X-radiography (25 to 50 kV)

were used on all bonded assemblies. Neutron radiography was used on most of the honey-
comb sandwich and on selected metal-to-metal assemblies. Results of these NDI evaluations
are shown in tables A-1 and A-2.

+

P e T L e

Low-voltage X-radiography, and especially neutron radiography, proved more definitive in
identitying voids and porosity than did the ultrasonic through-transmission for metal-to-
metal assemblies, An example of neutron radiography showing some of the largest and most
numerous voids and porosity is shown in figure A-1,

The ultrasonic through-transmission data did not clearly show the same pattern of voids and

porosity as did the radiographic methods, and in most cases did not suggest this condition.

See table A-1. Part of this problem could have been due to bondline thickness variations

which made it difficult to set the proper gates for the C-scan recorder, particularly when .
. single-level recording was used.

Interpretation of NDI results {or the honeycomb sandwich specimens was even more difficult,
because of the double honeycomb sandwich and multiple bondlines. Again, neutron radio-
graphy gave the most definition, but complete interpretation of the indications was not
achieved. Sce table A-2,

" ‘,»-tﬁ&.i’i-‘_i..:.,.- ot

Two examples can be cited where voids were responsible for reduced specimen performance:
1) A 3/8-in. to 1/2-in, diameter void resulted in a promature stressed lap shear test failure
(table 10 of text), and 2) several baseline lap shear results were lower than expected (table 4
of text). None of the bonded assemblies from which the specimens were taken showed
evidence of voids or porosity on the X-radiographs or C-scan recordings.

Voids and/or porosity were evident in numerous DCB and lap shear specimens after postiest
fracture, with some of these bondline discontinuitios showing up in the NDI evaluation,
However, there was no evidence that these discontinuities contributed to reduced durability,

It appears that the only effect of voids and porosity is 1o increase the local stress in the
conlined test avea.

. "-.:%....U..

TN R ;T O (IO g
R P ) .

Conclusions drawn from the assessment of NDI vesuits and subsequent durability tests are:

I, The radiographic NDE methods, particulicly neutron vadiography. are the most
definitive means ol identilying voids and porosity,

2, Voids and porosity that did not show up in either of the NDEmethods were present in
bondlines of test specimens, ‘

3. There was no correlation betweer: NEF-abserved voids and porosity in bonded
asseinblios and adverse strossed durability test results,

1y " PRECKDING PAGE ELANK.NOT FILNED -
4 B R S
LEE . ‘_ Lot e a# oo _ N N i“




e

Note: Area shown represents approximately 20% of the AF 143 Bonded Assembly.

Figure A-1.—~Neutron Radiograph of Laminated 2024-T3 Clad Panef Section for
Thick-Adherend DCB Specimens Showing Voids in One or More
Bondlines
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. ', k. Table A-1.—Nondestructive Inspection (ND/) of Bonded Metal-to-Metal Assemblies

e ' Adhesive/primer Surface | No.of Ultrasonic through-
. 4 system Alloy treatment?| assemblies X-ray results transmission results
R

‘f“ FM 123-2/BR 127 | 2024.T3 F 3 No anomalies Nothing definitive
oy : clad C 3

: P 4
B 9 2024-T3 F 3

b % bare C 3 No anomalies Nothing definitive
4 P 6 No anomalies (5) Nothing definitive (5)
VA -z Porosity (1) Spots on edge (1)
' '\ ' . § 7075-T6 F 2 No anomalies Nothing definitive
" ’ ’ clad Cc 2

R - 3‘ P 2 No anomalies

‘j R 7075-T6 F 2 No anomalies{1}
. bare Adhesive gap (1)

N Cc 2 No anomalies

. ,-.-e. p 2 No anomalies {1) Nothing definitive
‘_‘-' ' : small porosity (1)

t FM 123.2/8R 123 | 2024-T3

F 1 No anomalies Nothing definitive
| A clad c 2
2 r..:; P 2
, . . 2024.73 F 1
£ = bare C 2
10 : p 2 No anemahies Nothing definitive
% EA0628/BR 127 | 2024.T3 | F 3 No anamalies Nothing definitivo
! elad ¢ 3 Nothing detinitve
R . -0 P 6 Nothing definitive (4)
: " § Yhree 1/2- 10 Vinspots (1)
l ' % ) One 1 1/4-in, spot (1)
s, i e R T B zze - mm [ - - - . . ~ -
l.. 13 202473 ] F 4 Nothing definitive (3)
"-j 4 bare Spotty arvas {1)
X # G 1 No anomalios Noething detinitive
'Y " P 12 No angmalios (1) Nothing detuutive (11)
k. W ‘ voidds or porosity (1) Spotty weas (1)
e 5 . S : = mrzd & e - e o
e | 707676 g 3 Nu anomaties (2
¥ 1 : clad St vouds wineutrons (1) | Nothiig dehinitive
) . , (not wis 1ay)
3 3 No anamativs
N T & p . aw
| 07676 F 3
bure ¢ 6
P 6 No anontates Nuottung detunnve :
14}
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Table A-1.— (Concluded]

Adhesive/primer Surface No. of Ultrasonic through-
system Alloy treatment® | assemblies X-ray results transmission results
AF 143/EC 3917 | 2024-T3 F 2 Porosity Nothing definitive
clad C 2 Porosity /
P 5 Porosity (2)
No anomalies {3)
202413 F 2 Porosity
bare C 2 No anomalies (1)
Parosity {1)
p 4 No anomalies (3)
Porosity {1)
7075-T6 F 2 Porosity
clad C 2 Porosity ]
P 2 No anomalies Nothing definitive
7075-T6 F 2 No anomaties (1) Nothing definitive (1)
bare . Voids and porosity {1) 9 in, area in center (1)
C 2 No anomalies {1) Nothing definitive
Porosity (1)
P 2 No anomalies (1) Nothing definitive
Adhesive overlap {1)
PL 729.3/PL 728 | 2024.T3 F 2 Porosity Nothing detinitive
clad ¥ 3 No angmalies
P 3 No anomalies (2) Nothing definitive
Smalt void 1/8 in, dia {1)
2024.73 ¥ 2 Voids and porosity (1) Some discontinuities (1)
bare No anomalies {1) Nathing detinitive (1)
C 3 No anomalies {2} Nothing definitive {2)
P 4 No anamalies (1} Nothing definitive (3)
Voids and porosity (3) Spotty areas {1
107510 F 2 No anomalies Nothing definitive
clad C 2
P 2
107576 ¥ 3
harg C |
P 2 No anomalios Nothung dafinitive

9 = EPL ateh
€ = Chromie actd anodie
P = Phospharic actd anodize
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Figure B-2—Strain Gage Location on Thick-#dherend Lap-Shear Specimen

Each of the four specimens was tested on two different tensile test machines to determine
strain behavior under conditions of known uniaxial loading. These two machines were a
Tinius Olsen 30 000-1b tensile tester and a 20 000-1b Instron Universal Tests were made by
incorporating the clevis tie rods from the jig into the test fixture and substituting wider
clevises requiring a longer pin for the jig clevis tie rod.

Lach of the strain-gaged specimens was then loaded into the loading fixture in the manner
normally used for environmental durability testing. The orientation of the specimens within
the fixture is within the tube and partly up into the helizal spring, fipure B-1.

Several repetitions of this loading were performed, and slight modifications were made on
two of the runs. One modification was to install a hemicylindrical washer between the numt
and bottom plate: the other was to replace the safety bolt by a cable.

The strains, in microinches per inch. indicated by each of the strain gages from two of the
tensile tests and tour of the loading tixture tests, are shown in table B-1. These strains are
for a nominal applicd 750 1b,

In table B-1. the sets ot strains from the tensile test machines represent the widest variations
between numbers obtained from two ditterent loadings on the machines. These numbers
represent practical axial loads obtainable.




Table B-1.—Strain Gage Measurements of Thick-Adherend Lap-Shear Specimens

{microinches per inch)

Gage

designation® 1A 18 iC 1D 2B 2D 3B 3D 4B 4D
bTensiIe 1 147 101 110 136 116 143 108 | 162 139 140

Tensile 2 151 98 119 159 83 168 129 149 121 155
CLoad 1 90 165 124 133 93 121 114 141 91 195

l.oad 2 129 97 150 168 - 920 175 116 147 90 204

Load 3 82 78 198 182 69 183 122 139 75 214

Load 4 90 73 192 181 - —_— —_ - 80 175

aGage designation: First character is specimen number
Second indicates gage position

bTensil 1: Instron with wide clevises
Tensile 2: Tinius Olsen with fixture clevises
€Load 1: Standard loading of fixture
Load 2: Standard loading of fixture
Load 3: Installation of hemicylindrical washer
l.oad 4. - Installation of hemicylindrical washer and

substitution of safety bolts by cables

By comparing the readings from a given gage (i.e.. tensile 1 and 2 vs loads | .2, 3, and 4),
it is evident that there were indeed nonaxial loads being applied to the specimen by the
fixture, making it necessary to modify the fixture.

Since it has been noted with the fixtures that the springs tend to bend considerably out of
line when loaded and that there was little clearance inside the spring for the specimen, the
fixture design was modified to accomplish the following:

1. Load the specimen outside of the spring

2. Roestrain the spring from bending out of line as much as possible

3. Compensate for smali amounts of spring bending

In Keeping with these objectives. the tube was lengthened to contain the entire specimen,

a seeond alignment plate was added and the distance between the two alignment plates
wis set to maintain both ends of the spring. a hemicvlindrical washer was instalied between

the nut and bottom plate, and the safety bolt was replaced by a cable. The modified fixture
is shown in figure B-3.
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@ Hemicylindrical washer

@ Alignment plate stud bolt {1250 in,)

@ Compression tube (6.5 in.)

@ Alignment plates

@ Helical spring—1000 lb capacity

11.6in,
]
Z __|.osin
g_ f
é 55in
Z
g —l 6.4 in,
‘% N 6.5 in,
% 1.0in,
7z -
Z 1
. ]

Hotes for visual g

and moisture aceass g
g 2.26in,
7

- i R i ey ey ey e }

Figure 8-3— Thiclg-Adlwrand Lap-Shear Modified Loading Fixture
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A prototype of this modified fixture was made as shown in figure B-3 except that two

existing tubes were stacked together with a separator plate between in place of tht? smgle
6.5-in. tube shown. The gaged specimens were tested in this modified jig, and their oTlcnta-
tion within the fixture was equivalent to that shown in figure B1, except for the specimen
being contained within the tube. Strains indicated from four separate loadings to a nominal
750 1b in the modified jig are shown in table B-2. Loads 1 through 4 represent loadings of

the modified fixture in a manner equivalent to the usual method of loading the fixture.

Table B-2—Strain Gage Measurements of Lap-Shear Specimens in Modified Loading Fixture

(microinches per inch)

Gage

designation 1A 18 1C 1D 28 2D 3B 3D 4B 4D
Load 1 154 99 93 140 98 140 107 141 122 134
Load 2 160 104 110 153 99 145 1M1 143 123 146
Load 3 174 112 120 165 a5 158 19 154 133 153
Load 4 140 108 101 150 90 149 100 159 137 152

B.3 DISCUSSION AND CONCLUSIONS

Based on this program, it was concluded that the modified loading fixture represents a
significant improvement in loading reliability over the unmodified fixture. This improve-
ment is shown by bending moments calculated for the tensile test data for both the

unmodified and the modified fixtures. Assuming that all bending is uniaxial. the resultant

principal strains are shown in tables B-1 and B-2.

Two natural bending moments are produced in the lap-shear specimens under uniaxial
tension. These are given by the relations:

2 2014 1

_ ~Ya-c
My = - n_ Mp.d = T hn (B-1)

where | is the moment of inertia of the specimen at an unnotched cross section, h is the
specimen height at an unnotched cross section., and 0y and Oty Are given by:
A-C, .. _ B-D, . "
Ogc = 5 E, Ob-d = ("2_") E (B-2)

4
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In equations (B-2), A, B, C, and D are the strains in inches per inch at the points shown in
figure B-2 when the specimen is pulled in pure axial tension, and E is the tensile modulus of
aluminum. 1t is obvious that for a specimen of perfect dimeusions:

Mye = Mpyg (B-3)

If it is found under a given loading condition that equation (B-3)-does not hold, then there
must be some external applied bending moment, M, , given by the equation:

R

M+ My
- _ae b-d (B4,

ex 2

M

I table B-3, the values of Mgy are shown for specimen 1 loaded in the tensile test machines
(the same two tests whose results are shown in table B-1) in the unmoditied and the moditied
fixtures. Values of My, are shown for all four specimens under the same loading conditions,

It is clear, then, from table B-3, that the modified fixture offers a significant improvement
over the unmodified fixture, Further, it scems that the modified fixture may produce
loading that is as close to uniaxial loading as is possible with the wide-area, thick-adherend,
machined kap=shear specimens,

(AR B¢ B
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APPENDIX C
WEDGE TEST FOR ADHESIVE BONDED SURFACE
DURABILITY OF ALUMINUM!

C.1 SCOPE

This test simulates in a qualitative manner the forces and cffects on an adhesive bond joint
at metal-adhesive/primer interface. 1t has proved to be highly reliable in determing and
predicting the environmental durability of adherend surtace preparations. The method has
proved to be correlatable with service performance in @ manner that is much more reliable
than conventional lap-sheur or peel tests,

C.2 SUMMARY OF METHOD

A wedge is forced into the bondline of a tlat bonded aluminum specimen, thereby creating
a tensile stress in the region of the resulting crack tip. The stressed specimen is exposed to
an aqueous environment, usually at an clevated temperature, or to an appropriate environ-
ment relevant to the use of the bonded structure, The resulting crack growth with time and
failure modes is then evaluated. Variations in adherend surtace quality are casily observable
when the specimens are opened--forceably, it necessary--at the test conclusion.

C.3 SIGNIFICANCE
The test is qualitative only but is very discriminating in determining variations in adherend
surtace preparation parameters and adhesive environmental durability. In addition to deter-
mining crack growth rate and assigning a vitdue to it the tailure mode shoutd be evaluated
and reported, For example, cohesive, adhestve-to-primer, or primer-to-adherend tailures
should be noted after opening the specimen at the conclusion of the period,

C4 APPARATUS
The Following apparatus is used:
Lo A S o 30 power magaitier (preferably stereo binocalar)
2, Shurp. pointed wiarking stylus and/or trinngubae file
. Stainless steel or ahaminum wedges
4 Soall seade graduiited in willimeters ov humdrediths of an dneh
C.5 TEST SPECIMEN

A ol Yive 284 by 18 2:0nv¢1- by Gein ) speciinens from s stigle assembly shall be
wsal bor vach test,

'Sulmuuml 1O ASEM Commitiee 1114




C.6 CONDITIONING

The specimens may be exposed to any environment appropriate to the bonded structure

being represented; e.e  humidity, heat, thermal shock, salt spray, cte. For most applications,

however, water is the most deleterious environment to the polymer-adherend interface. A

typical environment commonly used is 49°C (120°F) and condensing humidity. 1t ‘
consistency with other stressed durability testing requirements is desired, then the following

conditions can be used:

|l s A AIAIITS F o S A e

®  For 121°C (250°F) curing adhesives: 60°C (140°F) und 95% to 100% RH
®  For 177°C (350°F) and higher curing adhesives: 71°C (160°F) and 95% to 100% RH
C.7 PROCEDURE

1. Prepare the surfaces of a picce of 15.24- by 15.24- by 0.32-cmi (6- by 6- by 0.125-in.)
aluminum, using a surface treatment process appropriate for the test requirements,

2, Prime the taying surface of cach panel, apply the adhesive, assemble the panels, and
cure the adhesive as required by the appropriate specitication. (For later convenience
in inserting a wedge, a separation film may be inserted along one edge of the assembly
as shown in fig. C-1, or the adhesive may be omitted along one edpe.)

s

Cut the test assembly into five F-inc-wide tost specimens as shown in figure C-1, Af
least one cut edge of each specimen shall have o surtace tinish of 125 pin. or better,
There shall be no burrs or smearing of adherend miterial onto the bowdline, Do aot
overlivat or diunage the bond when cutting or tinishing,

-
!
1
i
;)
L4
g
]
.

4. Appropristely identity all test specimens in such o manaer that testing in a high
humidity envivomnent will not destroy the identitivation markings, (Appropriately
positioned identitication markings can be made on the 6- by Osin, (158.24- by 15,24-cn)
panels prior to surfice preparation processing.)

o

“Ceaek one end of cach test specimen by inserting i wedge as shown in tiguge €1,
Isert the wedge by using i pashing ovee or several relviively light s with a iy
ing device, DO NOT insert the wedgee with i single siviking blow, When insevting
wedge, 26 NOT hold specimen inany way that will vestein the initial eracking,
Position the wedge so that the Blung end and sides ave approniniately Hush with thow
o the specimen, thy any use o i auniliiey (ool to precravh i st spechnen o
Yacthtate insertion of a wedge, the extent of precraching must e fess thian that which
s canised by insertion of the wedee,) '

6, Using 8 te 30 power niiibication aad adequate dhumimaion, oeate the tip ot te
crich on the 125 i, Yinish ediee ot eachospecinnen, This is the point tacthest hom
the wedpe wheee the specimen (e adhesive, primer, amlfor adhierends) has separatesd,
Using o bine seyvlis o sevibe, niark tie Tocatieon on one atheremd edies B the spechnen
iy 1 b usead i st spray o arher envivonment espectad b be corronve aid liable to
obliterate the navk, deepen the seribie ik with  teiangular bile, :

et . .
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FEP separator film or omit
adhesive (optional)

/] 1 1 1, { _’r—0.125in.nomina| 5
é

. = 6 in, £ 0,125 o]

| YA ‘
S— e— 1.00 Adhesive
Trim Cut five 1-in.- 0.125 in, Trim
wide specimens
1in, 20.03in. - o r— 0.125 in. nominal

Tin. 20,03 in Aluminumor &= (0,26 in, 1 0.03 in,
stainless steel
wadge

Initinl
crack tip

)

AﬂMw do | -

Wealgedd Crack Extenston Speaimen (The end and sides
of the wedye shall he approximately Hush with
spucimen end and sidw.)

Figure C-1.~Crack Extension Spevimen Configuration




7. Expose the wedged specimens to the environment required by the appropriate
specification,

8. Remove the specimens from the environment, and within 15 minutes mark the location
of the tip of the crack after exposure in the same manner as in step 6.

9, Measure the crack extension of each specimen to (0.025 ¢m) 0.01 in. or less precision -
to determine that the crack extension is more or less than the specified amount
required by the appropriate specification.

10. At the conclusion of the test, forceably open the specimen and note the failure mode
of the test section.

C.8 INTERPRETATION OF RESULTS

The crack extension Aa and the crack extension failure mode (i.2., adhesive failure at the
interface or cohesive within the adhesive are reported.

The initial crack length ag, the crack extension Aa, and the crack extension tailure mode are
all a function of the adhesive/primer systems being considered and the adherend surface
treatment. Because of these variables, the acceptance criteria tor a bonded system of interest
will have to be established. The following is an example of an aceeptance criterion for 121°C
(250°F) curing high-pecl modified epoxy structurval adhesives:

Ten specimens, representing two individual bonded test agsemblies, are tosted. Ty pically,
good durability surface preparation is evidenced by no individual specimen having a crack
leagth exceeding 19 mm (0.75 in.) and the average of all specimens being not over 0,3 mm
(0.25 inh

C.9 REPORT ON RESULTS

1. Report the original crack length and the erack extension at the end of various time
intervals, suchoas 1,4, 8, 34 hours: 7. 30 days,

2, Also report the failure mode as 100% cohesive, 10075 adhesive, or S00 adhesive, ety
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